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Abstract 
Dissolved organic carbon (DOC) has received increased prominence in drinking water research, as 
concentrations in surface waters have increased in many parts of northern Europe and North America in 
recent decades. This presents a problem, since DOC gives colour, taste and odour to drinking water and can 
form potentially harmful by-products on disinfection. This research explored these issues through a series of 
experiments focussing on DOC flux from peat soils and the litter layer under different climate conditions.  
The aim of the work was to assess the likely impact of changes in temperature, precipitation and drought 
frequency and severity as well as changes to vegetation species diversity on DOC production and drinking 
water treatment. This will determine whether common treatment processes (coagulation/flocculation) are 
able to cope with potential changes in DOC quality, and therefore whether new treatment processes may be 
required as an adaptation to climate change. Through assessment of the impact of changes in species 
diversity and the effect of drought, this work also aims to build the evidence base for current catchment 
management schemes which have sought to support Sphagnum dominance and raise peatland water-tables. 
The experimental work included the optimisation of coagulation/flocculation for DOC removal from common 
peatland sources as well as grassland species which are currently encroaching on the uplands. The role of 
temperature, rainfall and drought in controlling DOC production from litter and soils was considered, as well 
as the abiotic role of temperature in DOC solubilisation. The findings were also tested in the field using a 
litterbag study across an altitudinal gradient which provided a natural range of temperature and rainfall. The 
environmental persistence of DOC from different sources was also examined. 
The research indicates that the type of vegetation is significant in controlling the amount, treatability and 
environmental persistence of the DOC produced. Temperature and rainfall influence DOC quantity and 
quality, however the effect of these climatic variables is much smaller than for the source of the DOC. The 
decomposition of litter and resulting DOC production are controlled primarily by biotic factors such as the 
litter’s ratio of carbon to nitrogen, which indicates nutrient availability to the decomposer community. 
Common peatland species such as Sphagnum and Calluna vulgaris are adapted to nutrient poor 
environments and therefore have high C:N ratios and produce low amounts of DOC per unit weight when 
compared to grassland species. The invasive grassland species, such as Molinia caerulea and Juncus effusus, 
produce high amounts of DOC per unit weight and large amounts of above-ground biomass which decays 
readily due to its low C:N ratio.  
A new conceptual model of carbon cycling in peatlands is proposed which shows that climate change may 
decrease the overall size of the litter carbon pool by facilitating the encroachment of grassland species which 
decompose rapidly. These species will increase the seasonality of DOC flux due to their cycles of growth and 
produce DOC which is more persistent and harder to treat than common peatland species. Drought has been 
highlighted as major problem for drinking water treatment in peatland catchments as it causes large 
increases in DOC production from peat soils whilst also decreasing its treatability. Taken together these 
results suggest the secondary effects of climate change, namely vegetative change, may be more important 
for DOC production that changes in temperature and rainfall. Catchment management schemes which 
support Sphagnum and increase resilience to drought are justified as Sphagnum produces DOC readily 
removed by coagulation/flocculation and drought can cause an increase in the amount of DOC from peat 
soils and produce DOC which is also harder to remove by standard treatment processes. 
 
iii 
 
 
 
 
 
 
 
I hereby declare that this thesis is my own work and any material which is not my own work has been 
properly acknowledged. 
 
 
 
The copyright of this thesis rests with the author and is made available under a Creative Commons 
Attribution Non-Commercial No-Derivatives licence. Researchers are free to copy, distribute or transmit the 
thesis on the condition that they attribute it, that they do not use it for commercial purposes and that they 
do not alter, transform or build upon it. For any reuse or redistribution, researchers must make clear to 
others the licence terms of this work. 
 
 
 
 
 
 
 
iv 
 
Acknowledgments 
Many people have helped in the production of this thesis and it would not have been possible without the 
excellent supervision of Joanna Clark, Nigel Graham, Michael Templeton and Chris Freeman. Throughout the 
project they have offered timely advice and wise interventions when I attempted to do more work than was 
humanly possible. Working on a project which sits across disciplines can be difficult and I was incredibly 
lucky to have such great supervisors in both peatland biogeochemistry and drinking water treatment. I 
would also like to thank the legacy of Jaqueline Falconer who provided financial support for the project. I 
hope she would have approved of my work. 
A number of members of staff at both Imperial College and the University of Reading have been particularly 
helpful and deserve acknowledgement: Geoff Fowler and Carol Edwards in the EWRE lab, Anne Dudley at 
SAGES and Radek Kowalczyk in CAF. I have received help, advice and support from many students at 
Imperial, Reading and Exeter but would particularly like to thank Mike Bell. Myself and Mike collaborated on 
a number of experiments and shared the rain of Dartmoor on a many occasions. Without this collaboration 
the project would not be nearly as complete and so I am deeply indebted to him. Funding provided by the 
Grantham Institute, Climate-KIC, South West Water and Welsh Water facilitated the field work in the project 
and I am also grateful for the advice of David Smith at SWW and Naomi Willis at Welsh Water. 
On a more personal note I would like to thank my partner Natalie Wall who not only put up with me 
throughout the duration of the PhD, but who also helped in sample collection a number of times and as a 
result now has pretty impressive knowledge of peatland ecology. I would also like to thank Penny Ritson and 
Jack Golightly for the countless walks through Cumbrian peatlands as a child which became the inspiration 
for a career in this area.  
I would like to dedicate this thesis to my father, John Ritson, who sadly passed away during the project. John 
had a great passion for the Cumbrian uplands whether orienteering, bivouacking or spotting hen harrier. He 
had a strong connection with peat having spent part of his life working as a peat digger; I hope this thesis 
goes some of the way to undoing the work him and his colleagues did in the 1970s. John gave me some sage 
advice garnered from his time working with peat which will always stay with me: ‘watch out for adders’. 
 
 
 
 
v 
 
Contents 
The impact of climate change and management practices on dissolved organic carbon (DOC) flux and 
drinking water treatment in peatland catchments ............................................................................................... i 
Abstract ................................................................................................................................................................ ii 
Acknowledgments ............................................................................................................................................... iv 
List of Figures ........................................................................................................................................................ x 
List of Tables ....................................................................................................................................................... xii 
List of Abbreviations .......................................................................................................................................... xiv 
Chapter 1: Introduction ....................................................................................................................................... 1 
1.1 Historical context ....................................................................................................................................... 2 
1.2 Current economy and management ......................................................................................................... 3 
1.3 Dissolved organic carbon (DOC): recent increases and future trends ...................................................... 5 
1.4 Research Aims ........................................................................................................................................... 6 
1.5 Research Framework ................................................................................................................................. 7 
1.5.1 Research questions ............................................................................................................................. 8 
1.6 Thesis structure ....................................................................................................................................... 12 
1.7 Publications arising from the thesis ........................................................................................................ 13 
Chapter 2: Literature review ............................................................................................................................. 15 
2.1.0 Introduction and Scope ........................................................................................................................ 15 
2.1.1 What are the ‘uplands’ ......................................................................................................................... 16 
2.2.0 Drivers of change .................................................................................................................................. 17 
2.2.1 Temperature ..................................................................................................................................... 20 
2.2.2 Drought ............................................................................................................................................. 21 
2.2.3 Storm events and increased precipitation ....................................................................................... 22 
2.2.4 Erosion .............................................................................................................................................. 24 
2.2.5 Land use/management ..................................................................................................................... 26 
2.2.6 Atmospheric Processes ..................................................................................................................... 27 
2.2.7 Changes in ultra-violet (UV) radiation .............................................................................................. 28 
2.2.8 Vegetative Change ................................................................................................................................ 29 
2.2.8.1 Importance of vegetative source in DOC flux ................................................................................ 29 
2.2.8.2 Vegetative change in the UK uplands ............................................................................................ 30 
2.2.8.3 Sphagnum as a peat forming species ............................................................................................ 31 
2.2.8.4 Sphagnum in the future................................................................................................................. 32 
2.2.8.5 Molinia caerulea (purple moor grass) ........................................................................................... 33 
vi 
 
2.2.8.6 Calluna vulgaris (heather) ............................................................................................................. 34 
2.2.8.7 Juncus effusus (common or soft rush) ........................................................................................... 37 
2.2.8.8 Synthesis of vegetative change ..................................................................................................... 37 
2.2.9 Synthesis: Key Drivers of change in DOM quality and quantity ....................................................... 39 
2.3.0 DOM and climate impacts on treatment.............................................................................................. 39 
2.3.1 Introduction ...................................................................................................................................... 39 
2.3.2 Monitoring DOM quality .................................................................................................................. 43 
2.3.3 DOM removal ................................................................................................................................... 48 
2.3.4 Dissolved Organic Nitrogen (DON) ................................................................................................... 50 
2.3.5 Disinfection ....................................................................................................................................... 51 
2.3.6 Temperature and pH ........................................................................................................................ 52 
2.3.7 Bromide and Iodide .......................................................................................................................... 53 
2.4.0 Conclusions ........................................................................................................................................... 55 
Chapter 3: Methods and Materials ................................................................................................................... 57 
3.1.0 Field sites and sample collection .......................................................................................................... 57 
3.1.1 Exmoor site ....................................................................................................................................... 57 
3.1.2 Dartmoor site ................................................................................................................................... 58 
3.1.3 Use of litterbags ............................................................................................................................... 58 
3.2. DOC extraction ....................................................................................................................................... 60 
3.3. Disinfection by-product (DBP) method and detection limits ................................................................. 60 
3.4. Coagulation ............................................................................................................................................. 62 
3.5. Dissolved organic carbon (DOC) analysis ............................................................................................... 63 
3.6. Ultraviolet (UV) absorbance ................................................................................................................... 64 
3.7. Fluorescence ........................................................................................................................................... 64 
3.8. Elemental analysis (C:N) ......................................................................................................................... 65 
3.9. Nuclear Magnetic Resonance (NMR) ..................................................................................................... 65 
3.10. Iron measurement ................................................................................................................................ 66 
3.11. Biodegradable dissolved organic carbon (BDOC) measurement ......................................................... 67 
3.12. Statistical considerations ...................................................................................................................... 68 
3.13. Dissolved organic nitrogen (DON) method development .................................................................... 68 
Chapter 4: Influence of peatland dissolved organic carbon (DOC) source on coagulation optimisation ......... 72 
4.1. Introduction ............................................................................................................................................ 72 
4.2.0 Methods ............................................................................................................................................... 72 
4.2.1 DOC sources and extraction ............................................................................................................. 73 
vii 
 
4.2.2 Coagulant and conditions ................................................................................................................. 73 
4.2.3 Dosage and pH optimisation ............................................................................................................ 73 
4.3.0 Results .................................................................................................................................................. 74 
4.3.1 Characterisation of starting DOC ...................................................................................................... 74 
4.3.2 Dose optimisation ............................................................................................................................. 75 
4.3.3 pH optimisation ................................................................................................................................ 76 
4.3.4 Optimised dosage and pH ................................................................................................................ 78 
4.3.5 Correlations between DOC quality parameters and treatment outcomes ...................................... 79 
4.4. Discussion ............................................................................................................................................... 81 
4.5. Summary of principal findings ................................................................................................................ 83 
Chapter 5: Simulated climate change impact on summer dissolved organic carbon release from peat and 
surface vegetation: Implications for drinking water treatment ........................................................................ 85 
5.1. Introduction ............................................................................................................................................ 85 
5.2.0 Methods ............................................................................................................................................... 86 
5.2.1 Field site and sample collection ....................................................................................................... 86 
5.2.2 Experimental Design ............................................................................................................................. 87 
5.2.3 Experimental procedure and laboratory methods ........................................................................... 87 
5.2.4 Data analysis and statistical methods .............................................................................................. 89 
5.3.0 Results .................................................................................................................................................. 89 
5.3.1 DOC leaching .................................................................................................................................... 91 
5.3.2 SUVA ................................................................................................................................................. 92 
5.3.3 DOC removal ..................................................................................................................................... 93 
5.3.4 Residual SUVA................................................................................................................................... 93 
5.3.5 Specific chlorine demand ................................................................................................................. 93 
5.3.6 Specific DBP formation ..................................................................................................................... 93 
5.3.7 Predictors of treatment efficacy....................................................................................................... 93 
5.3.8 C:N and NMR analysis of starting material ....................................................................................... 96 
5.3.9 Mass loss and CO2 flux ...................................................................................................................... 98 
5.4.0 Discussion ............................................................................................................................................. 99 
5.4.1 Predictors of treatment efficacy....................................................................................................... 99 
5.4.2 Treatment effects: DOC source ...................................................................................................... 100 
5.4.3 Treatment effects: Rainfall ............................................................................................................. 102 
5.4.4 Treatment effects: Temperature .................................................................................................... 102 
5.5 Summary of principal findings ............................................................................................................... 103 
viii 
 
Chapter 6: Abiotic temperature controls on DOC release .............................................................................. 104 
6.1 Introduction ........................................................................................................................................... 104 
6.2 Methods ................................................................................................................................................ 104 
6.3. Results .................................................................................................................................................. 105 
6.4. Discussion ............................................................................................................................................. 106 
6.5. Summary of principal findings .............................................................................................................. 107 
Chapter 7: The effect of drought on dissolved organic carbon flux from peatland sources .......................... 109 
7.1 Introduction ........................................................................................................................................... 109 
7.2.0 Methodology ...................................................................................................................................... 110 
7.2.1 Field site and sample collection ..................................................................................................... 110 
7.2.2 Experimental Design ....................................................................................................................... 111 
7.2.3 Experimental procedure and laboratory methods ......................................................................... 111 
7.2.4 Data analysis and statistical methods ............................................................................................ 112 
7.2.5 Repetition of the control group ...................................................................................................... 113 
7.3.0 Results ................................................................................................................................................ 113 
7.3.1 Omnibus ANOVA ............................................................................................................................ 113 
7.3.2 Water extractable DOC ................................................................................................................... 114 
7.3.3 SUVA ............................................................................................................................................... 117 
7.3.4 DOC removal efficiency .................................................................................................................. 119 
7.3.5 SUVA removal efficiency................................................................................................................. 120 
7.3.6 Correlations between measures of DOC quality and treatability .................................................. 121 
7.3.7 Carbon and nitrogen content of litter starting material ................................................................ 121 
7.3.8 Repetition of control group ............................................................................................................ 122 
7.4.0 Discussion ........................................................................................................................................... 123 
7.4.1 Water extractable DOC ................................................................................................................... 123 
7.4.2 SUVA ............................................................................................................................................... 125 
7.4.3 DOC and SUVA removal .................................................................................................................. 126 
7.5 Summary of principal findings ............................................................................................................... 127 
Chapter 8: Biodegradable dissolved organic fraction (BDOC) of peatland sources ........................................ 128 
8.1 Introduction ........................................................................................................................................... 128 
8.2 Methodology ......................................................................................................................................... 129 
8.3 Results ................................................................................................................................................... 130 
8.4 Discussion .............................................................................................................................................. 136 
8.5 Summary of principal findings ............................................................................................................... 138 
ix 
 
Chapter 9: From laboratory to field decomposition: litterbag study using a natural gradient to simulate future 
climate ............................................................................................................................................................. 140 
9.1 Introduction ........................................................................................................................................... 140 
9.2 Methods ................................................................................................................................................ 140 
9.3.0 Results ................................................................................................................................................ 142 
9.3.1 Mass loss and extractable DOC ...................................................................................................... 143 
9.3.2 DOC quality measures .................................................................................................................... 145 
9.3.3 Calluna twigs versus flowers .......................................................................................................... 147 
9.4.0 Discussion ........................................................................................................................................... 148 
9.4.1 Litterbag experiments .................................................................................................................... 148 
9.4.2 Calluna litter production and the role of flowers ........................................................................... 151 
9.5 Summary of principal findings ............................................................................................................... 151 
Chapter 10: Discussion .................................................................................................................................... 153 
10.1 Biotic versus abiotic controls on DOC release ..................................................................................... 153 
10.2 Primary versus secondary effects of climate change on DOC ............................................................. 155 
10.3 Extremes versus normal conditions .................................................................................................... 156 
10.4.0 Relating laboratory findings to the field- seasonality and the size of the carbon pool ................... 157 
10.4.1 Literature values for litter production .......................................................................................... 158 
10.4.2 Size and seasonality of litter inputs to the carbon pool ............................................................... 159 
10.5 Is catchment management an effective water quality management tool? ........................................ 161 
Chapter 11: Conclusions .................................................................................................................................. 163 
References ....................................................................................................................................................... 166 
 
 
 
 
 
 
 
 
 
x 
 
List of Figures 
Figure 1: Areas of the two designations of LFAs under the European Union CAP (data from Department for 
Environment, Food and Rural Affairs). Also marked are the locations of Exmoor and Dartmoor National Parks 
(data from Natural England), severely disadvantaged areas which are the sites of catchment management 
programmes relevant to this study. .................................................................................................................... 2 
Figure 2: Conceptual diagram of the impact of climate change on DOC and drinking water treatment ........... 7 
Figure 3: Catchment influences on DOM quantity and quality under future climate conditions and 
management practises ...................................................................................................................................... 19 
Figure 4: Drivers and direction of change on upland plant communities, expanded and redrawn from Bragg 
and Tallis (2001) ................................................................................................................................................ 38 
Figure 5: Test dialysis rig constructed to match conditions in Lee and Westerhoff (2005) using a 1.5 l vacuum 
filtration flask as the dialysis tank ..................................................................................................................... 70 
Figure 6: DOC removal with ferric sulphate dose for DOC sources (error bars at one standard error) ........... 76 
Figure 7: DOC removal for different sources across a pH range of 4.5 to 6 (error bars at one standard error). 
Separate lines on each graph indicates the PODR dosages and ±5 mg l-1......................................................... 77 
Figure 8: DOC removal versus pre-coagulation peak C/T fluorescence ratio (Spearman’s ρ=0.971, p value 
<0.001) ............................................................................................................................................................... 80 
Figure 9: Removal of chloroform formation potential verses pre-coagulation SUVA at 254 nm (Spearman’s 
ρ=0.949, p value <0.001) ................................................................................................................................... 81 
Figure 10: Interactive effects between DOC source and rainfall/temperature for drinking water treatment 
properties (error bars at one standard error). SUVA is the pre-coagulation value. ......................................... 92 
Figure 11: The variation in DOC removal by coagulation/flocculation/sedimentation and filtration with pre-
coagulation fluorescence peak C/T (Spearman’s  = 0.54, p <0.001) for three DOC sources .......................... 96 
Figure 12: a) Water extractable DOC of all samples across the different DOC sources (all significantly different 
at the p<0.01 level except Calluna-Juncus comparison which is significant at the p<0.05 level), and b) DOC 
extracted from peat on rewetting following different severities of drought (error bars at one standard error), 
p values indicate difference from control group using Dunnet’s test ............................................................. 115 
Figure 13: a) SUVA value for all samples within the different DOC sources pre-coagulation, and b) SUVA value 
of pre-coagulation Molinia caerulea derived DOC produced under differing severities of drought (error bars 
at one standard error), p values indicate difference from control group using Dunnet’s test ....................... 118 
Figure 14: a) DOC removal efficiency by coagulation/flocculation for different DOC sources, and b) SUVA 
reduction of different DOC sources (error bars at one standard error) ......................................................... 120 
Figure 15: % loss of DOC on seven day incubation with added nutrients and standardised inoculum for 
different DOC sources ..................................................................................................................................... 131 
Figure 16: Correlation between pre-incubation SUVA and % loss during incubations for the different DOC 
sources (Spearman’s ρ=-0.978, p<0.001) ........................................................................................................ 133 
Figure 17: SUVA values for DOC sources before and after BDOC incubations. Numbers indicate statistically 
similar groupings pre-incubation and letters indicate statistically similar groupings post-incubation .......... 134 
Figure 18: E2:E3 values (indicative of molecular weight) for DOC sources before and after BDOC incubations. 
Numbers indicate statistically similar groupings pre-incubation and letters indicate statistically similar 
groupings post-incubation............................................................................................................................... 135 
Figure 19: E2:E4 values (indicative of humification) for DOC sources before and after BDOC incubations. 
Numbers indicate statistically similar groupings pre-incubation and letters indicate statistically similar 
groupings post-incubation............................................................................................................................... 136 
xi 
 
Figure 20: Litterbag mass loss (a) and extractable DOC (b) for the first and second collections (an * indicates 
that the second collection was significantly different from the first). ............................................................ 144 
Figure 21: Litterbag DOC SUVA value (a) and fluorescence peak C/T (b) for the first and second collections (an 
* indicates that the second collection was significantly different from the first)........................................... 146 
Figure 22: SUVA value at different sites across all vegetation types at the two month collection (letters 
denote statistically similar sites) ..................................................................................................................... 147 
Figure 23: Extractable DOC (blue line, left hand scale) and mass loss (green line, right hand scale) of 
Norwegian spruce litter with decomposition time. Data plotted from Don and Kalbitz (2005), error bars at 
one standard error. ......................................................................................................................................... 149 
Figure 24: Conceptual diagram showing changes to size, speed of cycling and seasonality of litter carbon pool 
on transition from Sphagnum to Molina domination of uplands ................................................................... 160 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xii 
 
List of Tables 
Table 1: Three stages of POM decomposition summarised from Bianchi and Bauer (2011) ........................... 25 
Table 2: Drivers of change for DOM and their effect on water treatment. ...................................................... 41 
Table 3: Results of recent fractionation studies (fraction names have been altered to be comparable to 
similar studies where possible). ........................................................................................................................ 45 
Table 4: % error mass loss measurement of five litterbag replicates ............................................................... 59 
Table 5: Summary temperature and water table data for Dartmoor sites used in litterbag experiments ....... 60 
Table 6: Method detection limits for DBP compounds of interest ................................................................... 62 
Table 7: Summary of monthly nitrogen chemistry at Moor House and Snowden, two ECN sites in the UK .... 69 
Table 8: Results of dialysis on aspartic acid/ammonia test solution using Spectra Por 100-500 Da MWCO 
cellulose ester membranes (mean of three experimental replicates ± one standard error) ........................... 71 
Table 9: Initial characterisation of DOC extracted from different sources (mean values of two replicates) ... 74 
Table 10: Dosage at PODR and corresponding removal (± one standard error) ............................................... 75 
Table 11: Treatment parameters for fully optimised coagulation of DOC sources (± one standard error) ...... 78 
Table 12: Correlations between DOC quality parameters and disinfection by-product formation .................. 79 
Table 13: Baseline (1961-1990) and future (UKCP09 2080s high emissions scenario 50 % probability level) 
mean daily maximum and minimum temperatures and mean precipitation in July and August for Exmoor 
National Park, UK ............................................................................................................................................... 87 
Table 14: The p-values from factorial ANOVA (significant values have been highlighted in bold and displayed 
with ω2 estimates of effect size in brackets) ..................................................................................................... 90 
Table 15: Spearman’s rank coefficient for treatment outcomes and their potential predictors (for each 
treatment outcome the optical indices have been ranked by their correlation coefficients and the most 
effective highlighted in bold)............................................................................................................................. 94 
Table 16: Factorial ANOVA of peak C/T for the three experimental factors ..................................................... 95 
Table 17: % carbon, nitrogen and C:N for the starting material, mean of five replicates ± one standard error
 ........................................................................................................................................................................... 97 
Table 18: Proportion of NMR signal in each chemical environment as a proportion of total signal (ppm ranges 
from Peuravuori et al., 2003) ............................................................................................................................ 97 
Table 19: Correlations between sample mass loss and DOC quantity and quality measures .......................... 98 
Table 20: ANOVA of effect of temperature on DOC extractions of different sources .................................... 105 
Table 21: Q10 value of DOC extraction for different peatland sources ............................................................ 106 
Table 22: Monthly rainfall for control group and three severities of drought ................................................ 111 
Table 23: p-values from factorial ANOVA (significant values have been highlighted in bold and displayed with 
ω2 estimate of effect size in brackets) ............................................................................................................. 114 
Table 24: ANOVA results testing the effect of drought on water extractable DOC from different sources. 
Significant effects (Holm-Šidák correction) are highlighted in bold with the ω2 estimate of effect size in 
brackets ........................................................................................................................................................... 116 
Table 25: ANOVA results testing the effect of drought on SUVA for different DOC sources. Significant effects 
(Holm-Šidák correction) are highlighted in bold with the ω2 estimate of effect size in brackets ................... 119 
Table 26: Spearman’s ρ for different DOC quality and treatability measures ................................................ 121 
Table 27: Carbon and nitrogen % and C:N ratios for homogenised starting material, mean of two replicates
 ......................................................................................................................................................................... 122 
Table 28: results of t-tests for pre and post-incubation peat samples (significant differences highlighted in 
bold)................................................................................................................................................................. 123 
xiii 
 
Table 29: Correlation coefficients for DOC quality parameters and loss of DOC during incubation .............. 132 
Table 30: Summary mean temperature and water table data (with ranges in brackets) for Dartmoor sites 
used in litterbag experiments.......................................................................................................................... 141 
Table 31: Results of ANCOVA model for litterbag data (significant terms in the model are highlighted in bold)
 ......................................................................................................................................................................... 143 
Table 32: Carbon and nitrogen % as well as DOC and SUVA values for Calluna vulgaris flowers and twigs, ± 
one standard error .......................................................................................................................................... 148 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiv 
 
List of Abbreviations 
1,1,1-TCP 1,1,1-trichloropropanone 
AC  Activated carbon 
AMO  Atlantic multidecadal oscillation 
ANCOVA  Analysis of co-variance 
ANOVA  Analysis of variance 
ASL  Above sea-level 
AWMN  Acid water monitoring network 
BDOC   Biodegradable dissolved organic carbon 
CAP  Common agricultural policy 
C-DBP  Carbonaceous disinfection by-product 
CHA  Charged hydrophilics 
CP-MAS Cross-polarisation magic angle spinning 
CRAM  Carboxyl rich alicyclic molecules 
DBP   Disinfection by-product 
DBPFP  Disinfection by-product formation potential 
DCAN  Dichloroacetonitrile 
DIN  Dissolved inorganic nitrogen 
DO  Dissolved oxygen 
DOC   Dissolved organic carbon 
DOM   Dissolved organic matter 
DON   Dissolved organic nitrogen 
DOP   Dissolved organic phosphorous 
ECN  Environmental change network 
EEM  Excitation-emission matrix 
EMBER  Effects of Moorland Burning on the Ecohydrology of River basins 
EOM   Extracellular organic matter 
ER  Ecosystem respiration 
 FA  Fulvic acid 
FP  Formation potential 
FT-ICR-MS Fourier-transform ion cyclotron resonance mass spectrometry 
FT-IR  Fourier-transform infra-red spectroscopy 
GAC  Granular activated carbon 
GC-ECD  Gas chromatography with electron capture detection 
GF/F  Glass fibre filters (0.7 µm grade) 
HA  Humic acid 
HAA  Haloacetic acids 
HAN  Haloacetonitrile 
HIA  Hydrophilic acids 
xv 
 
HIB  Hydrophilic bases 
HIN  Hydrophilic neutrals 
HIX  Humification index 
HPO  Hydrophobic 
HPOA  Hydrophobic acid 
HPON  Hydrophobic neutral 
ICP-AES  Inductively coupled plasma atomic emission spectroscopy 
LFA  Least favourable areas 
MDL   Method detection limit 
MIEX  Magnetic ion-exchange 
MTBE  Methyl tert-butyl ether 
MWCO  Molecular weight cut-off 
NAO  North Atlantic oscillation 
N-DBP  Nitrogenous disinfection by-products 
NEE  Net ecosystem exchange 
NMR   Nuclear magnetic resonance 
NPOC  Non-purgeable organic carbon 
NVC  National vegetation classification 
PAC  Particulate activated carbon 
PARAFAC  Parallel factor analysis 
PES  Payments for ecosystem services 
pH   Potentia hydrogenii 
POC  Particulate organic carbon 
PODR  Point of diminishing return 
POM  Particulate organic matter 
Py-GC-MS Pyrolysis-gas chromatography-mass spectrometry 
RH  Relative humidity 
RO  Reverse osmosis 
SEC  Size exclusion chromatography 
SHA  Slightly hydrophobic acids 
SUVA   Specific ultra-violet absorbance (at 254nm) 
SWW  South West Water 
TBI  Tea-bag index 
TCAN  Trichloroacetonitrile 
TCNM  Trichloronitromethane 
TDN  Total dissolved nitrogen 
THM   Trihalomethane 
TOC  Total organic carbon 
TOSS  Total suppression of spinning side bands 
TOX  Total organic halogens 
xvi 
 
TPIA  Transphillic acid 
TPIN  Transphillic neutral 
UK   United Kingdom 
UKCP09 United Kingdom climate projections 2009 
US EPA  United States Environmental protection agency 
UV  Ultra-violet 
VHA  Very hydrophobic acids 
WFD  Water framework directive 
WTW  Water treatment works 
 
 
1 
 
Chapter 1: Introduction 
Upland catchments in the UK have served many purposes for the communities in and around them 
throughout history. For centuries they have provided a wealth of what in modern terms would be described 
as ecosystem services: sustaining pasture and arable agriculture as well as providing hunting grounds, 
drinking water, fuel and building materials. Their place in a national and global context has changed 
significantly, at one time being described as ‘wastes, which are at present a disgrace and reproach to the 
inhabitants of this county’ (Fraser, 1794) while their current status is as a ‘crucial source of ecosystem 
services, such as provision of food and fibre, water supply, climate regulation, maintenance of biodiversity, 
as well as providing opportunities for recreation, inspiration and cultural heritage’ (Bonn et al., 2010).  
As societal views of the uplands have changed, so too have the land use and management practices 
employed there. The interplay between anthropogenic and climatic influences on the hydrology, 
geomorphology and biogeochemistry of these regions has shaped both their role in society and the 
ecosystem services they provide. Perhaps their most valued function in the present day is their role as a 
global carbon store, holding an estimated 2,302 Mt carbon (Billett et al., 2010) in UK peatlands. The stability 
of this carbon is of interest as a potential positive feedback on global climate change and, on a more local 
level, for the costs and potential human health risks associated with dissolved organic carbon (DOC) entering 
surface waters which are used for drinking water provision. 
This growing interest in carbon storage and stability has led to new questions about the role of the uplands 
in the future. Awareness of environmental issues has meant a decrease in some anthropogenic influences, 
such as sulphate deposition and peat cutting, while pressures from tourism, burn management and grazing 
continue. The effect of altered temperatures and hydrological patterns brought about by climate change is 
currently unclear and has become an area of much research. Alongside this, efforts have begun to manage 
catchments to improve carbon storage, surface water quality and biodiversity. In many cases these have 
taken the form of undoing previous management practices, such as enhanced drainage measures, which 
proved detrimental to these goals, thus returning the uplands to their former state (Grand-Clement et al., 
2013). Defining a goal for restoration is, however, complicated, as human influence is evident even in 
catchments which appear at first glance to be pristine. 
There is no statutory definition of what is considered an ‘upland’, however they are commonly held to be 
areas of moorland, heathland and mountains where only low intensity agriculture can be sustained due to 
soil conditions and aspects unsuitable for arable farming (Condliffe, 2010). Figure 1 shows the ‘less favoured 
areas (LFAs)’ under the European Union common agricultural policy (CAP) which provide an idea of the parts 
of England considered to be upland areas. 
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Figure 1: Areas of the two designations of LFAs under the European Union CAP (data from Department for 
Environment, Food and Rural Affairs). Also marked are the locations of Exmoor and Dartmoor National 
Parks (data from Natural England), severely disadvantaged areas which are the sites of catchment 
management programmes relevant to this study. 
1.1 Historical context 
The uplands can, at best, be considered in a semi-natural state, as deforestation and burn management has 
occurred since the Mesolithic period (Brown, 1997). Pollen records from Exmoor show a sporadic removal of 
the natural oak, hazel and elm and the development of arable farming as cereal pollen began to appear in 
the record. This was followed by a large and sudden deforestation around 4,700 years before present which 
initiated a change to moorlands similar to their current state (Fyfe et al., 2003). In more modern times many 
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authorities have sought to increase agricultural production from peatland areas, advocating the use of lime 
and sand to raise pH and improve drainage (Fraser, 1794) and digging drainage ditches to improve grazing 
quality (Turner, 1784). 
These ‘improvements’ accelerated in the 20th century as subsidies became available to farmers for liming 
and digging ditches through mechanisms such as the Hill Farming Act (Hill Farming Act, 1946). Later subsidies 
became available to convert heather moors to grassland and increase stocking densities through the 
Common Agricultural Policy (see Condliffe (2010) for a review of the often conflicting and rapidly changing 
polices affecting the uplands). Throughout the early 20th century a large amount of upland afforestation also 
occurred for strategic reasons after dwindling supplies during the First World War. This led to a large 
increase in managed conifer plantations, particularly in Scotland, which was directed towards the uplands to 
reduce competition with agriculture (Mason, 2007). 
Peat is also used as a source of heating fuel, and peat cuttings for this purpose have been another influence 
on the stability of the peatland carbon store. Estimates of historical usage are almost impossible, as rural 
communities have had rights of common access for centuries (Humphrey and Stanislaw, 1979). Growing 
awareness of the carbon store and archaeological record contained within peat has led to largely successful 
campaigns to reduce horticultural and fuel usage of peat (Alexander et al., 2008; Barkham, 1993), so very 
few active peat cuttings remain. 
1.2 Current economy and management 
In modern times there have been frequent tensions concerning management of the uplands between 
stakeholders focussed on amenity value, agriculture and drinking water provision (Kelly, 2015). The 
leaseholders and commoners who rear stock in the uplands have had a significant influence in shaping the 
current landscape. Agriculture, however, has become of dwindling economic value to many upland 
communities with farming estimated to be worth only 4.2% of the total economic output of Dartmoor 
National Park in 2008 and subsidies forming the majority of farm business income (Dartmoor National Park 
Authority, 2011). This has led to increasing diversification and reliance on tourism, worth annually an 
estimated £89 million to the economy of Exmoor and £152 million to Dartmoor (Exmoor National Park 
Authority, 2011). Tourism brings different pressures to the uplands, as traffic increases on the roads and 
pathways, and demand for grouse shooting means more area is given over to managing land for grouse 
habitat (Sotherton et al., 2010). Conversely, tourism can also create pressure for sustainable management of 
the uplands, as many tourists are visiting for the biodiversity and tranquillity which is absent elsewhere 
(Curry, 2010). The management of what farmers receive subsidies for has in the past been at odds with, or 
had unexpected consequences for, biodiversity and carbon storage but may in the future provide a 
mechanism to allow ecosystem services to be balanced between multiple stakeholders. 
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A proposed method of guiding management of the uplands is the payment for ecosystem services (PES) 
model (Bonn et al., 2014).The goal of this model is to allow land owners/managers to be paid for providing a 
range of ecosystem services which do not result in a directly saleable product or which may otherwise be 
hard to quantify economically. In an upland context this could be providing carbon sequestration, water 
quality or landscapes which tourists want to visit (Hanley and Colombo, 2010). Quantifying the effect of 
anthropogenic activities on ecosystem service provision is complex but necessary to allow effective 
interventions to be designed and the results accounted for in PES models (Evans et al., 2014). Catchment 
management schemes have long been suggested in the uplands (British Medical Journal, 1903), but often 
meet difficulty due to land ownership, rights of common usage and conflicts with agriculture. One example 
of a modern scheme is the Exmoor Mires Project, a partnership between South West Water (SWW), Exmoor 
National Park Authority, the Environment Agency and Natural England. This project has sought to decrease 
DOC loads to SWW treatment works, reduce peak flows, increase biodiversity as well as provide functioning 
peatlands which will sequester new carbon and have increased resilience to future perturbations (Grand-
Clement et al., 2013). Currently farmers can generate income from their farms through the sale of sheep and 
cattle grazed on the uplands and through government subsidies; the Mires project aims to provide an 
income for activities like grip blocking which may improve surface water quality and carbon storage, 
assuming the efficacy of these interventions can be proven (Smith et al., 2014).  
DOC has received increased prominence in drinking water research in recent years as concentrations in 
surface waters have been increasing in many parts of northern Europe and North America (Eikebrokk et al., 
2004; Eimers et al., 2007; Evans et al., 2005; Monteith et al., 2007; SanClements et al., 2012; Worrall et al., 
2004). This presents a problem, as DOC gives colour, taste and odour to drinking water (Lambert and 
Graham, 1995) and provides a substrate for biological regrowth in the distribution system (Rodriguez and 
Sérodes, 2001). To address consumer demands and meet regulatory requirements for water quality, DOC 
must be removed as much as possible, a task which can increase the operational costs of water treatment 
processes or require capital expenditure if new plant is needed (Bond et al., 2011a). Companies such as 
SWW are therefore interested in balancing the costs of ‘end of pipe’ solutions with those of catchment 
management programmes which may deliver improved water quality to the treatment works. 
A further goal of catchment management is to restore degraded peatlands to a carbon sink and increase the 
resilience of these systems to drought and other pressures in the future (Grand-Clement et al., 2013). Fluvial 
exchanges of carbon can be an important part of peatland carbon budgets and as such, recent work has 
sought to quantify the magnitude of DOC flux and its importance in peat’s role as a global carbon store 
(Billett et al., 2010; Clark et al., 2007; Hope et al., 1994; Worrall et al., 2003b). Whether catchment 
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management programmes can improve peat systems’ resilience to climate change is an important question 
that may shape the future management of the uplands. 
1.3 Dissolved organic carbon (DOC): recent increases and future trends 
DOC is usually defined as the organic carbon compounds in water that can pass through a 0.45 or 0.7 µm 
filter. DOC in surface waters comprises a mixture of terrestrial inputs from recently photosynthesised matter 
and soil organic matter which has undergone microbial processing as well as primary production from within 
the water column (McDowell, 2003). The drivers of increased DOC flux in the uplands are still debated with a 
number of potential explanations discussed in the literature, including changes in precipitation (Hongve et 
al., 2004; Lepistö et al., 2008) and increased temperature and CO2 concentration due to climate change 
(Freeman et al., 2004, 2001). Recent evidence suggests the major factor in many catchments may be the 
reduction in sulphate and non-marine chloride deposition since the introduction of pollution controls in the 
1970s (Evans et al., 2006; Evans et al., 2011; Monteith et al., 2007). As catchments recover from strong 
mineral acid deposition, solubility controls on the organic acids, which make up the majority of DOC 
decrease, meaning greater flux to surface waters. This mechanism of DOC release would suggest that 
catchments are actually recovering to a pre-industrial age state, and drinking water companies will have to 
adapt to permanently higher DOC loads should nothing else perturb the system. 
Sulphate deposition has returned to near pre-industrial levels through regulation, decreased reliance on coal 
for power generation and the deployment of flue gas desulphurisation technologies (RoTAP, 2012), however 
recovery from acidification may be a slow process (Akselsson et al., 2013). It is expected that acidic 
deposition will play a decreasing role in controlling DOC dynamics and issues such as climate change and 
land management are more likely to control future trends (Clark et al., 2010a). As such, there is growing 
interest in the potential effects of climate change on the linked biogeochemical and ecohydrological 
processes which, when combined, deliver the carbon storage and drinking water provision ecosystem 
services of the uplands. 
The UK’s maritime climate means it experiences a large degree of inter- and intra-year variance in weather, 
controlled in part by a number of oscillations occurring across different timescales in the Atlantic Ocean 
(Garnett et al., 1997; Sutton and Dong, 2012). Projections of future change in the UK suggest warmer, drier 
summers and warmer, wetter winters with an increased frequency and severity of extreme weather events 
(Jenkins et al., 2009a). These climatic changes may be critical to the stability of the uplands in their current 
form as some areas are already at the limit of the bioclimatic envelope for peat formation (Clark et al., 
2010b). These areas, such as Exmoor and Dartmoor National Parks, are often described as ‘marginal’ 
peatlands as only a small change in climate could see them switch from carbon sinks to carbon sources. Their 
marginal status means understanding the processes occurring in these areas is very useful in a national and 
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global context, as they may give an idea of what is to come in more northern peatlands under climate 
change, thus serving as a space-for-time study for carbon storage and drinking water provision. 
To better understand the various biogeochemical processes occurring in the production and transport of 
DOC and how climate change and land management practices may affect this, a detailed review of the 
literature has been undertaken. This review serves to identify the key drivers of change of DOC 
concentration and chemical character in surface waters and how treatment works can best respond to this 
to meet drinking water standards. The review was published in Science of the Total Environment (Ritson et 
al., 2014b), and was used to guide the research aims and identify research questions.  
1.4 Research Aims 
Chapter 2 presents a review of the current literature concerning the biogeochemical and physical processes 
which may alter DOC production in the catchment, as well as the engineering options available for DOC 
removal and DBP minimisation at treatment works. The results of this review suggest that a number of 
processes may occur in the future to change the carbon storage and drinking water provision ecosystem 
services of the uplands. Climate change may have direct effects such as increased temperature, altered 
rainfall patterns and more frequent droughts as well as secondary effects if habitat niches change and 
patterns of vegetation alter. Nitrogen deposition and continued grazing in the uplands will also likely 
continue to exert pressure on plant communities, favouring grassland species over bryophytes and 
ericaceous shrubs. At the same time, catchment management programmes are seeking to support anoxic 
conditions in peat by raising water tables and through the same mechanism, provide the saturated 
conditions required for Sphagnum Spp. to thrive. Higher water tables may provide increased resilience to 
drought over the upland’s current state and support plant communities which are more suited to peat 
formation.  
It is clear that there is currently debate in the literature over the relative importance of vegetation in 
controlling the quantity and quality of DOC release in peatlands. Although radiocarbon studies (Palmer et al., 
2010; Tipping et al., 2010) have pointed to ‘young’ sources of DOC (e.g. vegetation and fresh peat) as a major 
source of riverine DOC, catchment scale work has suggested only a small effect from vegetation type in 
controlling DOC quantity and quality (Parry et al., 2015). Assessing the relative importance of vegetation in 
DOC production is therefore an important goal for understanding peatland biogeochemistry. This is made 
more relevant by the need for short-term experiments which may provide evidence for catchment 
management schemes as these are likely to take many years to show full results (Smith et al., 2014), so data 
suggesting what the end-point of managed change may look like are very useful to practitioners.  
The aim of the work, therefore, was to assess the likely impact of the primary effects of climate change, such 
as increased temperature, altered precipitation patterns and drought, as well as the secondary impacts such 
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as changes in vegetation species diversity on DOC production and drinking water treatment. By assessing the 
ability of common treatment processes (coagulation/flocculation) to cope with changes in DOC quality, this 
thesis will be able to suggest whether new treatment processes may be required as an adaptation to climate 
change. By examining the influence of Sphagnum dominance versus invasive grassland species on carbon 
cycling, this work also aims to build the evidence base for current catchment management schemes which 
have sought to support Sphagnum dominance.   
1.5 Research Framework 
The factors of interest can summarised as changes to the actual source of DOC (e.g. the vegetation which 
produces it), the sensitivity of each source to change, the fate of DOC in the system and the pressures on 
DOC production from each source (e.g. drought, increased temperature). The sensitivity of different sources 
to climatic pressures is of interest as this provides information on the interactive effects between vegetative 
change and climatic change. All of these factors must be considered together as interrelated process which 
will influence drinking water treatment in the future. These factors have been summarised in a conceptual 
diagram shown in Figure 2. 
 
Figure 2: Conceptual diagram of the impact of climate change on DOC and drinking water treatment 
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Using Figure 2 as a basis, a research framework can be described which underpins the basis of the work. One 
of the key aims of this thesis will be to test the relative importance of the different components within the 
conceptual diagram and how the pressures and counter pressures will affect this. 
1.5.1 Research questions 
A set of research questions has been developed to explore the key issues in this area using this conceptual 
diagram and the results of the literature review as a guide. 
Research question 1 (RSQ1): What is the sensitivity to changing climatic conditions (drought, temperature 
and altered rainfall) on DOC production (amount and treatability) from peat and peatland litter layers in 
terms of drinking water treatment? 
Research question 2 (RSQ2): What are the implications of different vegetation types providing the DOC 
source in the litter? Consequently, will climate or management induced vegetative change (e.g. shifts to 
grassland species) alter DOC production and are programmes to support Sphagnum spp. justified for water 
treatment purposes? 
Research question 3 (RSQ3): Is the source of DOC more important in controlling the quantity and quality of 
carbon flux than the climatic conditions of its production? 
Research question 4 (RSQ4): Are current standard treatment options (e.g. coagulation/flocculation) capable 
of coping with climate induced shifts in DOC quality? 
These research questions focus mainly on the DOC source and sensitivity to climatic pressures; consideration 
of the fate of DOC as shown in Figure 2 will be covered by experiments looking at the biodegradable fraction 
of DOC but will mostly be outside the scope of this thesis. 
The following sections (1.5.1.1 to 1.5.1.6) cover the different themes within these research questions and 
how each one will be addressed. 
1.5.1.1 Primary versus secondary effects of climate change  
The literature review has identified potential effects on DOC production from changing temperature and 
rainfall (primary effects) and changes in dominant vegetation types (secondary effects). The relative 
importance of these measures will be tested by experimental work which considers both the soil/vegetation 
source of the DOC as well as the temperature and rainfall conditions during its production in an ANOVA 
design (Chapter 5). This will allow rigorous comparison of the different factors and the relative importance 
can be determined by comparing the effect sizes in the ANOVA design. This will be considered by measuring 
DOC production from different sources as well as DOC quality parameters such as UV and fluorescence 
indices and water treatment outcomes. Initially Sphagnum and Calluna vulgaris were included in the 
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research (Chapter 5) as examples of a peat-forming bryophyte and a vascular plant which is actively 
managed in some regions and which may become more dominant in the future. After consultation with 
stakeholders at South West Water, Molinia caerulea and Juncus effuses were also considered as important 
sources of DOC from invasive grassland species and so were included in all other experimental work 
(Chapters 4, 6-9). Whether primary or secondary effects of climate change is the most important driver will 
be considered by assessing effects sizes for the vegetation versus climatic factors from all experimental 
work. 
1.5.1.2 Extremes versus normal conditions 
As well as changing the average temperature and rainfall, climate change is likely to increase the frequency 
and severity of extreme weather events such as drought. Droughts have been shown to have both short-
term (Clark et al., 2006, 2005; Clark et al., 2011) and long-term effects (Fenner and Freeman, 2011; Freeman 
et al., 2001b) on peatland biogeochemistry. To assess the importance of these events, experimental work 
will be undertaken which explores both the role of vegetation and severity of drought in controlling DOC 
quantity and quality from peatland soils and vegetation (Chapter 7). By using an ANOVA design, comparison 
of effect sizes between this experiment and that described in Chapter 5 will be possible, allowing this thesis 
to assess whether changes in average temperature/rainfall or extreme weather events are the most 
important control on DOC production from the different sources of DOC. 
1.5.1.3 Biotic versus abiotic controls on DOC release 
There are both abiotic (Davidson and Janssens, 2006) and biotic production (Freeman et al., 2001a) 
mechanisms whereby DOC production may increase under higher temperature conditions. The abiotic 
increase in DOC solubility will be examined by finding the Q10 values (change per 10 oC increase in 
temperature) of the DOC sources (Chapter 6). Biotic controls will be explored by measuring the amount of 
mineralisation of DOC which may occur in the catchment (the biodegradable fraction, BDOC) in Chapter 8 as 
well as testing correlations between DOC production and measures of litter nutrient quality and amount of 
decomposition such as mass loss, CO2 flux and the C:N ratio (Chapters 5 and 7). Finding the biodegradable 
fraction for different sources of DOC (Chapter 8) also allows the thesis to assess the fate of DOC which is one 
of the key processes identified in the conceptual diagram (Figure 2). 
1.5.1.4 Relating laboratory findings to the field 
Scaling up laboratory work to field conditions is highly important in environmental science as the dominant 
factors affecting a process can sometimes change (Preston et al. 2011). This may be due to issues of scale or 
the addition of levels of complexity not accounted for in the laboratory. It is therefore important to test 
laboratory results in the field. This will be done in this thesis by using litterbags, a technique which allows 
vegetation decomposition to be monitored under field conditions across an altitudinal gradient which 
provides a natural range of temperature and rainfall (Chapter 9). When decomposing in the field at different 
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sites, the samples are likely to be exposed to variations in temperature, rainfall, acid/nutrient deposition, 
pH, redox conditions and microbial community structure and function. Assessing whether there are site 
differences will therefore allow this thesis to test if laboratory findings are the same in the field and also 
again test whether the chemistry of the starting chemistry of litter is more important than environmental 
factors for DOC production. 
1.5.1.5 Impact on drinking water treatment 
As highlighted in Figure 2, all of the catchment processes involved in the production and transport of DOC 
will impact drinking water treatment. To assess this impact, all experimental work will be related to drinking 
water outcomes, focussing mainly on coagulation/flocculation as this is often the primary means of DOC 
removal when operated as ‘enhanced coagulation’ (Budd et al., 2004). Detailed consideration of treatment 
optimisation will be given in Chapter 4 which will perform full coagulant dose and pH optimisation tests to 
assess the treatability of different DOC sources. 
 As the performance of different coagulants is well studied (Matilainen et al., 2010) only ferric sulphate will 
be tested as this is commonly employed in the UK and offers better DOC removal over a wider range of DOC 
molecular weights than aluminium based coagulants (Matilainen et al., 2005). Instead, ferric sulphate will be 
tested across a number of dose and pH conditions as these are the main parameters by which an operator 
can adjust the process at the treatment works. By assessing the ability of optimisation of ferric sulphate 
coagulation to cope with changes in DOC quantity and quality, this thesis will be able to ascertain whether 
this standard treatment process will be sufficient to cope with changes in DOC quality or whether new 
processes may be required. Alternative treatment processes will not be tested, however an overview of 
options available to practitioners for DOC removal (Section 2.3.3) and DBP minimisation (Section 2.3.5) is 
given as an outcome of the literature review.  
An important reason for DOC removal is the minimisation of disinfection by-products (DBPs), of which the 
trihalomethane (THM) class is regulated in the UK. THM formation and removal of THM precursors will be 
considered as a potential impact of changing DOC on water treatment. This will be assessed using DBP 
formation potential tests. These tests use a long contact time and dose chlorine in excess, thus giving an 
indication of maximum THM formation rather than the exact amount which may form at a treatment works. 
Temperature, chlorine dose, biofilm growth and length of distribution system can all affect THM formation in 
the distribution system (Rodriguez and Sérodes, 2001), however these will not be studied in this thesis as a 
theoretical maximum THM value is obtained from the formation potential tests and effectively simulating 
fully treated water, rather than just jar-test coagulation, is difficult in the laboratory, as is replicating biofilm 
growth in pipelines.  
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Brominated and iodinated forms of THMs can form during chlorination in the presence of bromide and 
iodide and these are of concern to the water industry as their greater mass makes regulatory compliance 
more difficult and they may also be more deleterious to human health (Krasner, 2009). This thesis, however, 
will not consider these forms of THMs as this would require spiking with bromide and iodide, a process 
which would be difficult to justify the level of given the large variation of these compounds in surface waters 
in the UK. Instead, the chlorinated form of the THMs, i.e. chloroform, will be used as an indicator of potential 
THM formation. How bromide and iodide concentrations may change in the future and how they may be 
controlled will be discussed in the literature review (Section 2.3.7) as this will likely be of interest to 
treatment practitioners. 
During jar-testing of different DOC samples, only single sources of DOC will be examined so that the thesis 
can ascertain the impact of shifts to different dominant DOC sources. Achieving a truly representative model 
water comprised of a mixture of DOC sources is impossible so any model system will always be an 
abstraction. Although interactive effects on coagulation efficacy may occur when mixing DOC sources, this 
will not be covered in this thesis due to the level of complexity and time needed to test all possible 
combinations. Coagulation performance, both in terms of DOC removal and strength/size of flocs formed, 
can also affect further treatment processes (Eikebrokk et al., 2004), however this will not be covered in this 
thesis due to the complexity involved in setting up representative bio-physical filtration systems in the 
laboratory. Instead, the removal of DOC and DBP precursors will be used as the means to assess coagulation 
performance, as in other studies (e.g. Cheng et al., 2003; Qin et al., 2006). 
1.5.1.6 Is catchment management an effective water quality management tool? 
Peat formation has occurred in the UK for many thousands of years with draining happening in the last 50-
100 years and catchment management involving ditch blocking starting in the last 1-5 years (Chambers et al., 
2007a). As such, any observed changes in peatlands due to ditch blocking must be seen as preliminary 
results (Smith et al., 2014), creating a need for experiments which can suggest what the outcome of a return 
to higher water tables and Sphagnum dominance might mean for DOC production and treatability. This 
thesis will therefore use the findings of all of the experimental chapters to suggest if catchment 
management programmes like these could be effective for drinking water treatment purposes. Providing a 
definitive answer to this question is difficult, however experiments suggesting the effect of drought on DOC 
production can be used as evidence for interventions like ditch blocking which raise water tables and thus 
ameliorate the effects of drought. Similarly, experiments which contrast grassland species, such as Molinia, 
with peatland species can provide evidence where catchment management has been shown to begin a 
transition away from grassland species to more typical peatland species (Smith et al., 2014). 
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The likely outcome of changes in species diversity, caused either by climate change or catchment 
management, will be assessed in the final discussion (Chapter 10) using all data from the experimental work 
including decomposability of the vegetation litter, nutrient ratios (C:N), CO2 flux from decomposing samples,  
DOC production and treatability, environmental persistence as well as sensitivity to drought and 
temperature changes. This will then be combined with literature data on the amount and seasonality of 
annual biomass production to develop a new conceptual understanding of how carbon cycling in peatlands is 
likely to change under future climate and/or catchment management.  
1.6 Thesis structure 
After this introductory chapter, a literature review will be conducted in Chapter 2 covering both catchment 
biogeochemistry and drinking water engineering. Next, the laboratory and statistical methods employed, 
including their detection limits, will be discussed in Chapter 3. The first experimental chapter of this thesis 
will cover the optimisation of coagulation/flocculation for DOC removal from common peatland sources as 
well as vegetation types which are currently encroaching on the uplands (Chapter 4). The role of climate will 
be explored through a laboratory litter decomposition experiment (Chapter 5) which looks at temperature 
and rainfall controls on the quantity and quality of DOC production and was published in Water Research 
(Ritson et al., 2014a). As a follow-up to this work, a complementary experiment will be discussed which 
explores the abiotic role of temperature in DOC solubilisation from vegetation litter and peat soils (Chapter 
6). 
Extreme weather conditions, such as drought, are projected to become more common in the future and this 
is explored in a second litter decomposition experiment performed with a greater number of DOC sources 
(Chapter 7). The environmental persistence of DOC from different sources will then be examined using 
experiments concerning the biological degradation of DOC (Chapter 8). For the final experimental work the 
laboratory findings will be tested in the field (Chapter 9). This will use a litterbag experiment whereby litter 
from different vegetation is allowed to degrade at sites across an altitudinal gradient which provide a natural 
range of temperature and rainfall. All of these experiments will then be brought together in a final discussion 
(Chapter 10) which considers the relative importance of climate and vegetative change on DOC flux from 
peatlands and whether catchment management can ameliorate future changes. Brief conclusions are then 
drawn in Chapter 11. 
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1.7 Publications arising from the thesis 
 
Ritson, J., Graham, N., Templeton, M. R., Clark, J. M., Gough, R., & Freeman, C. (2014). The impact of 
climate change on the treatability of dissolved organic matter (DOM) in upland water supplies: A UK 
perspective. Science of the Total Environment, 473-474, 714–730.  
The aim of this review was to assess the likely effects of climate change on DOC concentration and quality in 
surface waters and how industry should best respond to achieve potable water standards. Previous work in 
this area has either focussed on DOC from a carbon accounting perspective (e.g. Worrall et al. 2003; Billett et 
al. 2010) and therefore paid little attention to quality, or has considered treatment parameters only with 
little consideration of the biogeochemical process which occur before raw waters reach the treatment works 
(e.g. Collins et al. 1986; Liang and Singer 2003). This broad review therefore aims to bridge the gap between 
environmental science and water quality engineering, providing information for catchment scientists 
interested in the needs of industry and engineers seeking to understand their catchments.  
The literature review in this thesis is an expanded version of that published in Science of the Total 
Environment. The expanded review differs from the published version by including an extended discussion of 
the origins and composition of DOC as well as more detailed definitions of the terms ‘upland’ and ‘peat’ in 
the context of this work. The halide section has been expanded upon and some more recent work has been 
incorporated throughout the text which was not available at the date of publication, namely: Bragazza et al. 
(2015a and 2015b), Delarue et al. (2015), Delpla et al., (2015), Evans et al. (2014), Gough et al. (2015), Grand-
Clement et al. (2014), Kothawala et al. (2014), Ledesma et al. (2015), Luscombe et al. (2014a and 2014b), 
Robroek et al. (2015), Shutover et al. (2014), Smith et al. (2014), Soong et al. (2014) and Soong et al. (2015). 
An entirely new section has been added concerning the role of vegetation in peatland biogeochemistry and 
the various drivers which may alter vegetation composition in the future. As the majority of this review has 
been published in a peer reviewed journal it has been revised in the light of both comments from the co-
authors and the peer reviewers of the journal. 
Ritson, J. P., Bell, M., Graham, N. J. D., Templeton, M. R., Brazier, R. E., Verhoef, A., Clark, J. M. 
(2014). Simulated climate change impact on summer dissolved organic carbon release from peat and 
surface vegetation: Implications for drinking water treatment. Water Research, 67, 66–76.  
The climate simulation experiment which appears in Chapter 5 was published in Water Research and has 
therefore benefitted from the comments of both the co-authors and the peer reviewers selected by the 
journal. The experimental work was a collaboration between Jonathan Ritson (Imperial College London) and 
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Mike Bell (University of Reading), both of whom developed the experimental design with the help of the 
other co-authors. Sample collection and the setting up of the climate simulation was undertaken by Ritson 
and Bell, whereas the day to day running of the experiment, mainly applying rainfall treatments, was 
performed solely by Bell. At the end of the two-month simulation samples were split between Ritson, who 
performed all analyses based on DOC, and Bell, who analysed gas flux and mass loss. Sub-samples of the 
starting material were analysed by NMR (Ritson) as well as for carbon, nitrogen and water content (Bell). 
Dr Radoslaw M. Kowalczyk of the University of Reading Chemical Analysis Facility provided methodological 
advice and ran the NMR experiments with Ritson performing the analysis on the subsequent data. 
Since publication the manuscript has been expanded to include C:N and NMR data, further analysis of 
interactive effects between treatments and to include a secondary investigation into the role temperature 
sensitivity of DOC solubility may have played in the results.  
A manuscript detailing the optimisation, drought, BDOC and litterbag experiments (Chapters 4, 7, 8 and 9) is 
currently in preparation for submission to a peer-reviewed journal. 
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Chapter 2: Literature review 
2.1.0 Introduction and Scope 
Current expectations are that the UK climate will change in the future with higher temperatures, altered 
precipitation patterns and increased frequency and severity of extreme weather events (Jenkins et al., 
2009b). Since the 1980s significant increases in dissolved organic carbon (DOC) concentrations have been 
observed in UK surface waters (Evans et al., 2005; Freeman et al., 2001a; Worrall et al., 2004) as well as parts 
of Northern Europe and North America (Monteith et al., 2007; SanClements et al., 2012). This trend has been 
linked to declining acidic deposition since the introduction of pollution controls (Evans et al., 2006; Evans et 
al., 2011; Monteith et al., 2007), with further influences attributed to climate change (Fenner et al., 2009) . 
As pollutant concentrations approach background levels the influence of climate and land-use may become 
increasingly important for DOC quantity and quality (Clark et al., 2010). This review builds on previous work 
which has attempted to explain recent DOC trends and explores the implications of a changing climate on 
DOC quantity, quality and treatability. 
The term, DOC, is often defined as the total quantity of organic carbon compounds which pass through 
either a 0.45 or 0.7 µm filter and is the carbonaceous component of dissolved organic matter (DOM), which 
includes dissolved organic nitrogen (DON) and phosphorus (DOP). DOC in surface waters is a combination of 
recent photosynthate, older microbially processed soil organic matter and primary production in the water 
column itself by algae and other organisms (McDowell, 2003). The exact nature of DOC is almost impossible 
to quantify as it is an extremely complex mixture of compounds including: humic and fulvic acids, amino 
acids, carbohydrates, carboxyl rich alicyclic molecules (CRAM), turpenoids, extracellular organic matter 
(EOM) and other algal/microbial products and compounds from plant growth such as lignin, cellulose and 
their decomposition products (Gough et al., 2015; Jiao et al., 2010; Kalbitz et al., 2002; Lam et al., 2007; 
Reckhow et al., 2007). 
DOM fluxes are of interest as they affect the carbon balance of upland catchments (Billett et al., 2010) and 
energy and nutrient supply, light absorbance and photochemistry in surface waters (Evans et al., 2005). 
DOM fluxes also influence water treatment by affecting coagulant demand (Edzwald, 1993), filter 
backwashes and runtime (Eikebrokk et al., 2004) , disinfectant dose (Chow et al., 2005) , the requirement for 
residual disinfectants (Rodriguez and Sérodes, 2001) and the formation of disinfectant by-products (DBPs) 
(Rook, 1974) and their associated health concerns (Nieuwenhuijsen et al., 2009) .  
The character of DOM is influenced by a great number of factors such as vegetation or soil source, biotic and 
abiotic processing in soil and stream and hydrological transportation controls (Watts et al., 2001), many of 
which may be altered in the future by a changing climate. DOM is processed via a number of mechanisms 
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which broadly result in larger compounds being broken down into more biologically available forms which 
can be cycled through microbial routes (Wershaw, 2004). Climate affects these mechanisms in a number of 
ways; periods of drought, for example, result in more hydrophilic DOM in surface waters during the drought 
(Scott et al., 1998) and long-term alterations in enzyme activity, affecting DOM characteristics for years 
afterwards (Fenner and Freeman, 2011; Freeman et al., 2001b). The character of DOM (used here to mean 
the relative proportions of fractions of hydro-philic/-phobic, aromatic/aliphatic, low/high molecular weight 
and DOC/DON compounds) is of interest as each fraction is different in terms of its amenability to removal 
(Sharp et al., 2006a, 2006b) and formation of DBPs (Edzwald et al., 1985) by water treatment. 
The expected changes in land use, climate and associated catchment characteristics have the potential to 
alter both the amount of DOM and its quality, with respect to treatability and the formation of DBPs, via a 
number of mechanisms affecting production, mobility and transport. Changes in the ease of removal of DOM 
have already been seen at water treatment works (WTWs) in analysis of records up to 2006 (Worrall and 
Burt, 2009). With regard to DBPs, current UK legislation limits the total trihalomethane (THM) concentration 
to 100 µg l-1 and requires DBP formation to be minimised (DWI 2010), however regulations in other 
countries, such as the USA, are more onerous and include limits for the total of five haloacetic acids (HAA) 
(Safe Drinking Water Act 1996). Of particular concern are ‘emerging’ classes of DBPs which may have a 
significant deleterious effect on human health (see recent reviews by Plewa and Wagner 2009 and 
Richardson et al. 2007). 
At present there is a lack of information linking changes in DOM characteristics in the catchment, climate 
change predictions and water treatment implications. This information is essential to enable the water 
industry to plan its adaptation to climate change. The aim of this review is to summarise the current 
knowledge of upland sources of DOM, the effects of climate on these catchment processes and the impact 
of climate change on DOM treatability, with particular reference to the UK.  
2.1.1 What are the ‘uplands’ 
‘Upland’ catchments are areas with high rainfall, low evapotranspiration, organic rich soils and low insolation 
(Bunce, 1987), often resulting in zero or low intensity agricultural usage (Holden et al., 2007). Definitions of 
what and where the uplands are vary, but they commonly include areas such as moorlands, heathlands and 
mountains which can support little agriculture other than grazing; these areas have been designated as ‘less 
favoured areas’ under hill farming subsidy schemes (Condliffe, 2010).   
In upland catchments water-saturated, organic rich soils (e.g. peat) have been identified as a major source of 
DOM in surface waters (Billett et al., 2006; Hope et al., 1997) although forests, heath and moorlands with 
non-saturated organic soils are also significant sources (Aitkenhead and McDowell, 2000; van den Berg et al., 
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2012) and increases in water colour have also been noted in catchments with mineral soils (Chapman et al., 
2010). Peat is defined as any soil containing greater than 50% organic matter and deeper than 30 cm in 
England and Wales or 50 cm in Scotland (Johnson and Dunham, 1963). Its existence is due to an imbalance 
between primary production and decomposition leading to an accumulation of organic matter. This 
imbalance is mainly due to saturated conditions leading to anoxia, low temperature and pH and the 
production of recalcitrant litter by vegetation which thrives in these environments (Holden et al., 2004; van 
Breemen, 1995). 
DOM in upland areas is dominated by organic soils and vegetation through the decay of plant material and 
other sources such as root exudation, together known as allochthonous input, with only minor additions 
from primary production in the aquatic system and microbial and micro-faunal processing, known as 
autochthonous inputs (Wetzel, 1992). Further away from upland headwaters there are increasing inputs of 
DOM from agricultural and urban sources (Hope et al., 1997) as well as a greater influence of algal and 
microbial sources (Reckhow et al., 2007).  
2.2.0 Drivers of change 
The UK already sees large inter- and intra-year variations in climate and weather due to its maritime nature 
and factors including variable solar influence and the North Atlantic Oscillation (NAO), which perturbs the 
weather system on a decadal cycle (Garnett et al., 1997). The UKCP09 projections of climate change to the 
2080s under the ‘medium’ emissions scenario suggest an increase in winter mean daily temperatures of 
between +2 and +4 °C with generally warmer values of this range in the south, decreased precipitation in 
summer, increased precipitation in winter and an increased frequency and severity of extreme weather 
events (Jenkins et al., 2009a). UKCP09 offers a set of probabilistic projections for three emission scenarios at 
25 km2 resolution for the UK. Although some problems have been recognised in UKCP09’s generation of 
daily time series for weather variables (under-estimation of droughts, heat waves and cold winters, as well 
as issues of spatial averaging in topographically heterogeneous areas (Jones et al., 2009)) these have been 
partly addressed in subsequent improvements. Recent occurrences of wet summers have been counter to 
the UKCP09 predictions; however it has been suggested that this may be due to the current positive phase of 
the Atlantic Multidecadal Oscillation (AMO) (Sutton and Dong, 2012) causing anomalies in summer 
precipitation. This thesis acknowledges that there is a great deal of uncertainty in any climate model, 
however UKCP09 predictions are used as they offer a UK specific set of scenarios which have become widely 
adopted for adaptation purposes. 
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The projected climatic changes may be coupled with more local effects on DOM production and transport 
such as management practices (Gough et al., 2012; Worrall et al., 2003b) land-use change (Tu, 2009) and 
erosion (Holden et al., 2007) as well as changes in atmospheric deposition of sulphate, nitrogen, chloride and 
marine-salt (Evans et al., 2012; Monteith et al., 2007). The major drivers of change in DOM quantity and 
quality are summarised in Figure 3. 
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Figure 3: Catchment influences on DOM quantity and quality under future climate conditions and management practises
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2.2.1 Temperature 
Most soil and aquatic reaction kinetics are to some extent temperature dependent although this may be 
masked by environmental constraints (Davidson and Janssens, 2006). The rate of decomposition and 
solubilisation of DOM will therefore generally increase with temperature along with the activity of microbial 
(Freeman et al., 2001a) and invertebrate (Cole et al., 2002) populations. These effects are expected to be 
amplified in peat systems due to an increased sensitivity to temperature change when coupled with 
decreased water-table levels (Clark et al., 2009). Field experiments in the UK noted increased DOM 
production under warmer and drier conditions (Tipping et al., 1999) and monitoring studies in Sweden have 
also noted the interactive effects of temperature and precipitation patterns on carbon flux from forested 
and mire type catchments (Köhler et al., 2008). 
Temperature dependent microbial activity has been used to explain the production of more degraded 
hydrophilic DOM in summer and more hydrophobic material in winter (Lumsdon et al., 2005). Therefore, 
increased temperature in the future could lead to a shift in solubility and DOM character. The temperature 
effects on DOM production in soils are largely well known, and have been summarised previously (see 
general review of Kalbitz et al. 2000). Discussion of soil freezing effects on soil carbon, which should 
decrease with warmer mean winter temperatures, has been provided by Matzner and Borken (2008), 
however this is more complicated in areas with persistent snow cover (Zhang, 2005). Studies in Sweden have 
noted less severe winters produce lower peak DOC concentrations in spring (e.g. Haei et al. 2010) although 
the differences in snowfall between Sweden and the UK mean this may not be directly comparable. 
The supply of DOM from vegetation could also potentially increase due to longer growing seasons creating a 
larger carbon pool (Holden and Adamson, 2002) with new, labile carbon having a priming effect on the 
degradation and solubilisation of more recalcitrant material (Fenner and Freeman, 2011; Freeman et al., 
2004) by supporting microbial enzyme production (Shackle et al., 2000). A recent monitoring study in 
Scottish peatlands found a strong relationship between the total aquatic carbon concentration and the gross 
primary productivity, further highlighting the link between temperature, growing seasons and the carbon 
pool (Dinsmore et al., 2013). These findings are also supported by field manipulation experiments in the 
Pennines using different soil types which found relationships between DOM production and peaks in primary 
productivity (Harrison et al., 2008). An increase in temperature is therefore expected to increase 
allochthonous inputs of DOM.  
Evans et al. (2006) estimated the contribution of temperature to DOC increases since the 1960s to be 10-
20% in the organo-mineral soils of the acid water monitoring network (AWMN) depending on the assumed 
aeration of the soils. The degree of aeration affects the q10 value (the response to temperature increase) and 
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has been found to be between 2.13 and 3.66 in peat soils (Clark et al., 2005) with more aerated soils giving 
higher values. 
In surface waters increased temperature will affect gas partitioning, causing lower levels of dissolved oxygen 
(DO) and could create conditions more favourable to algal blooms with higher water temperatures and 
reduced mixing (see George et al. 2007 for modelling and potential results of changes in physico-chemical 
properties of UK lakes). Predictions are for blooms to begin sooner in spring with the potential to be become 
nutrient limited and end earlier in autumn with net production remaining similar (Elliot et al., 2005). The 
monitoring/modelling work of van Vliet and Zwolsman (2008) on the Meuse river suggest nutrient levels 
may also increase due to less dilution of point sources and release by sediments, suggesting blooms could 
continue longer if not nutrient limited. A change in species diversity is also possible with a number of 
researchers noting a shift to cyanobacteria and other ‘bloom forming’ species (George et al., 2007 and 
references therein) as they favour higher water temperatures than most plankton species and benefit from 
stratification in the water column (George, 1991). DOM from algal sources contains more proteinaceous 
material that has been linked to formation of the potentially more harmful emerging DBPs and is also more 
difficult to remove (Gough et al., 2015; Krasner, 2009) and therefore increasingly eutrophic water bodies 
could pose a long term risk.  
2.2.2 Drought 
During droughts an initial decrease in DOM concentration is often followed by a large ‘flush’ once rainfall 
occurs with DOM remaining elevated for a considerable time (Evans et al., 2005; Scott et al., 1998; Watts et 
al., 2001; Worrall and Burt, 2004). In most peat systems the water-table is close to the surface, creating an 
anoxic environment which slows the degradation of organic matter and allows carbon to be stored on a 
relatively long timescale. When the water-table is lowered peat is oxygenated allowing increased 
degradation. An ‘enzymatic latch’ mechanism has been proposed whereby phenol oxidase exposed to 
oxygen can break down phenolic compounds which inhibit the activity of hydrolase enzymes that are 
responsible for peat decomposition, resulting in an increased overall rate of DOM production long after the 
drought has ceased (Fenner and Freeman, 2011; Freeman et al., 2001b). Alternative mechanisms have been 
proposed due to the lack of a concomitant increase in CO2 production on rewetting, suggesting an abiotic 
pathway. These involve the oxidation of reduced sulphur inhibiting DOM solubility during droughts, thus 
creating a reserve of degraded compounds which are subsequently flushed from the system once normal 
redox conditions return (Clark et al., 2006, 2005; Clark et al., 2011).  
Under drought conditions the ratio of hydrophilic/hydrophobic components of DOM increases (Scott et al., 
1998) again suggesting a solubility control on the hydrophobic fraction. These changes in character have also 
been indicated by a fall in the SUVA (UV absorbance at 254nm normalised to DOC concentration), which is 
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known to be correlated with aromaticity, during drought periods (Clark et al., 2011). Recent laboratory 
studies of litter degradation and DOM production have also confirmed this, finding that DOM produced 
during simulated droughts is more hydrophilic and harder to remove by coagulation (Tang et al., 2013).  
On rewetting the ratio significantly decreases as the reserve of hydrophobics are solubilised (Watts et al., 
2001) alongside higher molecular weight compounds (Fenner et al., 2001), although there may be a lag due 
to problems rewetting hydrophobic peat, meaning the elevated DOM levels occur over a long period 
(Worrall et al., 2003a). Long term depth to water table has also been shown in field studies to control the 
amount of DOC flux on re-wetting (Grand-Clement et al., 2014c). 
This hydrophobic fraction of DOM that has been most strongly linked to DBP precursors (Edzwald et al., 
1985) however it is also the easiest to remove via coagulation (Bond et al., 2011a). Droughts will likely cause 
both acute effects for water treatment and long-term issues for DOM quantity as the hydrophobic fraction 
can remain elevated for some years (Watts et al., 2001). 
Droughts will also alter lake and river susceptibility to algal blooms through longer residence times and 
higher temperatures whilst lower flows will decrease the dilution of point sources of pollution such as waste 
effluents and agricultural inputs (Van Vliet and Zwolsman, 2008). Rising levels of effluent and algal DOM in 
source waters will likely increase the levels of emerging DBPs formed during water treatment processes 
(Krasner, 2009). Long term studies have shown that during droughts the proportion of nitrogenous DOM 
decreases due to changing redox conditions (Dillon, 2005) which could reduce the levels of nitrogenous DBPs 
(N-DBPs) formed during the drought.  
2.2.3 Storm events and increased precipitation 
During storms DOM export into rivers increases significantly due to flushing of the upper organic soil 
horizons and new hydrological pathways opening up including increased flow through the upper horizons, 
macropores and drainage ditches, all of which can bypass adsorption sites (Hope et al., 1994). Positive 
relationships between river discharge and DOM concentrations have been reported although the 
contribution of peat and groundwater sources in the catchment influences this (e.g. Hope et al. 1997; Billett 
et al. 2006). In peatland dominated catchments, it is common for concentrations to decrease or show little 
change with discharge as there is no dramatic shift in flow pathways between mineral and organic sources 
(Clark et al., 2007). There are suggestions that infrequent sampling may mask short term variability leading 
to an over-estimation of DOM concentration (Clark et al., 2007) during storms, however, the total flux of 
DOM still increases. 
UKCP09 predictions for the UK suggest a summer decrease in precipitation of up to 40% with an increase in 
winter precipitation of between 10% and 30% (Jenkins et al., 2009) which could increase hydrological 
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connectivity between soils and streams in winter and change the seasonality of DOM export. When 
precipitation returns after periods of drying pH conditions favour solubilisation and DOM production over 
CO2 pathways, aided by enzymatic decay mechanisms (Fenner and Freeman, 2011). Studies across a climatic 
gradient of upland areas in Scotland have suggested catchments with regular rain in summer do not 
experience an autumn flush of DOM as there is no transport limitation and few drying effects during the 
summer (Dawson et al., 2008). Future climate scenarios with drier summers and wetter winters would 
therefore suggest greater seasonality in such catchments and greater DOM fluxes in autumn.  
Residence times in rivers, lakes and reservoirs during storm events can be greatly decreased leading to 
reduced processing of DOM (Whitehead et al., 2006), which mainly occurs through photochemical reactions 
and the activity of bacteria/microfauna (see Farjalla et al. 2009 for detailed review of processes), meaning a 
greater amount of large aromatic compounds reach the subsequent water treatment plant. A recent survey 
of DOC quality in 560 lakes across a climatic gradient in Sweden (Kothawala et al., 2014) found residence 
time in the catchment to be a bigger control on DOC quality than temperature, suggesting this may be an 
important issue for future modelling. Work in North America has shown residence time to be one of the key 
factors in determining the fate of allocthonous DOC in lakes alongside the recalcitrance of the DOC itself and 
the temperature of the lake (Hanson et al., 2011). The work of Hanson et al. (2011) suggests relatively small 
changes in residence time can cause large shifts in the proportion of lake DOC that is exported rather than 
mineralised (at residence times <1 year 60% is exported whereas when residence is >6 years 60% in 
mineralised), however applying these results directly is difficult as the recalcitrance of DOC also changes 
during storms. The change in source of DOM during storms has been demonstrated in urban catchments via 
a decrease in the microbially derived to humic-like fluorescence ratio of DOM (Carstea et al., 2009) and in 
upland catchments where increases in SUVA during storms were linked to the flushing of organic soil 
horizons adding relatively un-degraded allochthonous DOM to streams (Delpla et al., 2015; Stutter et al., 
2012).  
The rapid increase in DOM and the temporary shift in quality can cause issues for water treatment. 
Increased input and reduced processing should therefore mean that allochthonous DOM will dominate over 
autochthonous forms during storms. As hydrophobic allochthonous DOM can be removed relatively easily 
this issue may be addressed by monitoring, process optimisation and rapid response to changing DOM 
quality. Handling increased dissolved and particulate solid concentrations, debris and excess nutrients during 
storms is a well-known problem in the water industry and planning and adaptation will be required if the 
frequency and severity of storm-flows increase.  
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2.2.4 Erosion 
There has been heightened interest in the sediment budgets of upland catchments due to the possibility that 
some peatland areas may be switching from carbon sinks to carbon sources (see Billett et al. 2010 for review 
of carbon balances). This has been attributed to increased losses of carbon by sediment and DOC export 
(Dinsmore et al., 2010; Evans et al., 2006), although changes in primary productivity are also an important 
influence (Worrall et al., 2003b). Erosion of peatland systems is a problem in the UK with some severely 
affected catchments, particularly in the Pennines, where concentration of Particulate Organic Carbon (POC) 
in headwaters can be four times DOC concentration (Pawson et al., 2012). Proposed mechanisms for the 
recent onset of erosion include overgrazing, moorland burning and acidification whereas historical periods 
of erosion have been linked to climatic conditions such as the ‘medieval warm period’, where drying and 
surface desiccation could have occurred, and the ‘little ice-age’ which had a greater frequency of storms 
(Evans et al., 2006). 
Particulate Organic Matter (POM) in surface waters consists of soil organic material, terrestrial and aquatic 
plant material and planktonic matter in varying proportions dependent on catchment characteristics and 
seasonality (Kendall et al., 2001). POM goes through a number of characteristic stages of degradation, as 
shown in Table 1. 
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Table 1: Three stages of POM decomposition summarised from Bianchi and Bauer (2011) 
Stage Description Timescale Drivers 
Leaching Already soluble compounds 
(carbohydrates, proteins and 
fatty acids) are released as DOM. 
Instantaneous to 
weeks 
Solubility, 
temperature, pH 
Decomposition Breakdown by a succession of 
communities: first microbial then 
metazoans of increasing size. 
Weeks to months Microbial community 
diversity, turbulence, 
temperature 
Refractory Very slow breakdown of 
remaining biopolymers such as 
lignin and cellulose, which can 
inhibit microbial growth. 
Weeks to years 
depending on source 
Source of organic 
matter (particularly 
lignin and cellulose 
content), particle size 
 
When sediment settles in lakes and reservoirs organic matter processing also becomes dependent on 
biological productivity, sediment accumulation rate and bottom-water DO levels (Hedges and Keil, 1995). 
The microbial communities that degrade POM have low production efficiencies, averaging 10.6% 
(Sinsabaugh and Findlay, 1995), and, as such, release significant amounts of DOM to the water column and 
add to DOM and POM themselves once they die (Grossart and Ploug, 2001). Processing also occurs by photo-
oxidation, which may become a more significant route as incident UV levels may increase in the future if 
ozone concentrations in the upper atmosphere decrease (Zepp et al., 2007).  
Increased POM poses a problem for water treatment in that surface waters with long residence times could 
see material transfer from the POM (easily removed in treatment) to the DOM pool (more difficult to 
remove), particularly for peat sediment, which disaggregates easily and is prone to re-suspension and mixing 
(Marttila and Kløve, 2008). The processes of transfer between the POM and DOM pools need further 
research as they can be location specific with some areas, such as arctic rivers (Guo et al., 2007) and 
mountainous catchments with mineral soils (Blair et al., 2003), showing little transfer.  
Climate change could increase peat erosion via increased storm frequency and intensity in winter and 
desiccation in summer, both of which can form a positive feedback as eroded surface peat exposes deeper 
layers to oxidative degradation (Evans et al., 2006). Where highly degraded peat is exposed, preferential 
release of DON over DOC has been seen (Kalbitz and Geyer, 2002) which can alter the efficacy of treatment 
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processes. These mechanisms could increase the sediment load and also the age of the POC (Nagao et al., 
2010) with implications for its decay characteristics (see Table 1). There is some evidence, however, that re-
vegetation of eroded peat gullies can reduce sediment export and is occurring both naturally and through 
regeneration schemes (Evans and Warburton, 2010), meaning that the level of erosion under future climate 
scenarios is ambiguous at best. Alterations in surface water physico-chemical properties as a result of 
climate change could impact the processing of POM both directly (through temperature, DO and mixing) and 
indirectly (through microbial species diversity) and remains an area of uncertainty. 
2.2.5 Land use/management 
Studies looking at the influence of management practices on DOC have sometimes used water colour as a 
surrogate as long term datasets are readily available and the two parameters are strongly correlated. 
Although short-term colour:DOC relationships can be calibrated, these are not necessarily valid for long term 
studies given that this relationship varies significantly (Dawson et al., 2009) and DOC can be 50% more 
coloured after droughts (Scott et al., 1998). Management practices themselves can also interfere with the 
colour:DOC relationship resulting in large errors (circa 50%) where this relationship is used as a surrogate for 
DOC concentration (Wallage and Holden, 2010). Care must be taken when analysing trends in DOC as many 
of the factors are dependent on different spatial and temporal scales and intra-annual variability is often a 
number of orders of magnitude larger than the long-term trend (Clark et al., 2010a). 
Local management practices are important to consider as they may have a significant impact on DOM. In 
upland systems land use and management practices of interest include grazing for sheep, cattle and deer; 
afforestation; deforestation; drainage; and controlled burning for grouse moors (Holden et al., 2007). 
Drainage of upland peat systems for agricultural use became common in the 1970s and has been linked to 
increased DOM and colour where it has been practised (Worrall et al., 2003b). This is probably due to a 
decreased local water-table causing more peat to be oxygenated and, when coupled with afforestation or 
agriculture, increased litter inputs (Baker et al., 2008). Recent attempts at peatland restoration, both for 
ecological and water quality reasons, have often focussed on drain blocking to restore water-table levels and 
in some cases have shown significant decreases in DOC concentrations several years after blocking, although 
concentrations can initially be higher (Wallage et al., 2006). 
Controlled burning is used as a management practise for grouse game keeping and has rapidly increased in 
recent years (Holden et al., 2007) with 17% of peatlands under burn management (Yallop et al., 2006). 
Clutterbuck and Yallop 2010 have suggested that localised burning can explain why catchments in the same 
area subject to the same hydrology, temperature and deposition chemistry can have different DOM 
concentrations and levels of colour, although these conclusions have been questioned (Chapman et al., 
2010, 2012) . Recent work by (Worrall et al., 2012) found no difference in DOC concentration in surface 
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water runoff between burnt, cut and pristine areas of Calluna with differences in soil water DOC being 
explained by water-table changes due to altered evapotranspiration. Management by burning increases the 
prevalence of fast-growing graminoids (Ward et al., 2007) which cycle carbon quicker and produce fewer 
phenolic compounds, therefore degrading rapidly and producing more DOM (Ward et al., 2009). A recent 
critical review of managed burning has pointed to discrepancies between laboratory, plot and catchment 
scale experiments and highlights the inability of many studies to disentangle effects from burning and those 
from vegetation change (Holden et al., 2012) whereas a review by Natural England suggests there is strong 
evidence of increased DOC after burns (Glaves et al., 2013). There has been little work looking at the 
interactive effects of management practices and climate. It has been noted that overgrazing can amplify 
deposition effects (van der Wal et al., 2003), however there is a need to characterise, for example, how 
uplands will recover from burning if summer temperatures are higher and droughts are more common. 
Historically, land-use changes have affected upland systems in highly significant ways, as the burn scarring of 
UK uplands shows, and this will continue in the future, although with the introduction of numerous 
restoration schemes this may be in a positive way. Validation of water quality aspects of peatland 
restoration is still needed but this potentially offers a method for managing DBP precursors within a 
catchment. 
2.2.6 Atmospheric Processes 
Higher concentrations of atmospheric CO2 will likely induce greater primary productivity, creating a larger 
pool of carbon in soils (Freeman et al., 2004), however the impact of this on DOC export is estimated as only 
a 1-5% increase (Evans et al., 2006). The main atmospheric driver is changing deposition chemistry, 
particularly reduced sulphate and chloride since the introduction of pollution controls in the 1970s. Declining 
sulphate has been shown to correlate strongly with the increased DOC concentrations observed in North 
America and parts of Europe with additional forcing from cyclical sea-salt deposition (Monteith et al., 2007) 
and declining chloride emissions (Evans et al., 2011). Monitoring work in Finland suggests that declining 
sulphate deposition has been responsible for the long term trend in DOC with hydrology controlling short 
term variability (Arvola et al., 2010). These observations are supported by recent experimental field work 
monitoring change in DOC on both acidification and de-acidification in four peat and organo-mineral soil 
catchments (Evans et al., 2012). Similar laboratory experiments have also shown that acidity decreases both 
the concentration of DOC and SUVA suggesting larger, aromatic compounds are not released during acidic 
episodes (Clark et al., 2011). 
The recovery from acidification has led to both increased DOM quantity and a change to a more coloured, 
hydrophobic character as solubility increases (Worrall and Burt, 2010) and an increase in the proportion of 
terrestrially derived DOM (SanClements et al., 2012). If the acidic recovery continues, greater amounts of 
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DOM should occur with a larger hydrophobic fraction as sulphate controls over solubility decrease. As 
acidified systems return to a natural level alternative driving factors (see other section headings) will be 
increasingly important (Clark et al., 2010a). Further work is also needed into the impact of rising low level 
ozone concentrations as this has been shown to affect upland plant communities (Hayes et al., 2006) and 
cause significant reduction in DOC production in some systems (Jones et al., 2009). 
Nitrogen deposition is linked with fossil fuel usage and agriculture and is expected to continue to rise 
(Galloway et al., 2003), although the picture in the UK is mixed (Curtis and Simpson, 2012), potentially 
leading to a greater flux of humic substances (Findlay, 2005). High deposition of nitrogen has also been 
linked to both lower production of recalcitrant polyphenols by Sphagnum Spp. and increased litter 
degradation by normally nitrogen limited extracellular enzymes (Bragazza et al., 2007, 2006), further 
increasing DOM production. Both biotic (Schimel, 1986) and abiotic (Davidson et al., 2003) mechanisms for 
nitrogen immobilisation have been proposed and field studies have suggested that atmospheric N 
deposition leads to increased concentration of DON and inorganic N species in surface waters (Bragazza and 
Limpens, 2004) with modelling studies pointing to an increase in net primary productivity (Tipping et al., 
2012). This is of concern as lower C:N ratios in DOM have been linked to greater N-DBP formation (see Bond 
et al. 2011b and references therein).  
2.2.7 Changes in ultra-violet (UV) radiation 
UV radiation reaching aquatic ecosystems has increased in recent years and can influence both 
phytoplankton growth and DOM degradation (Häder et al., 2007). Increased levels of UV will potentially 
mean greater bioavailability of DOC as it is the recalcitrant, aromatic compounds that are most prone to 
photo-oxidation (Zepp et al., 2007). Shorter residence times under a ‘warmer and wetter’ scenario of future 
climate could mean a decrease in the importance of photolytic degradation (Whitehead et al., 2006) 
although this could be balanced by increased stratification which would mean greater DOM retention in the 
photic zone (George et al., 2007). Modelling studies have suggested that higher DOM concentrations in small 
lakes could act as a climate ‘buffer’, slowing the heating of lakes and altering mixing by attenuating radiation 
(Read and Rose, 2013). 
Higher UV levels can also affect plant biochemistry resulting in an accumulation of certain carbohydrates and 
UV absorbing phenolics (Tegelberg et al., 2002) altering the decomposition of plant litter. The production of 
root exudates, microbial population composition and the photo-oxidation of surface litter may also be 
altered by changes in UV radiation, however all of these effects are highly species and location specific (Zepp 
et al., 2007). 
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The impact of changing radiation levels on both DOM and phytoplankton communities is an area requiring 
further research as it affects both the processing of allochthonous and the production of autochthonous 
sources of DOM, however it is likely to be small in comparison to other factors. 
2.2.8 Vegetative Change 
2.2.8.1 Importance of vegetative source in DOC flux 
A combination of changing temperature, CO2, water-table and level of acidification could cause a change in 
vegetation type in upland areas, particularly a shift away from mosses, which include the acidophilus 
Sphagnum Spp. (van Breemen, 1995), to vascular plants (Bragazza et al., 2015; Fenner et al., 2007; Weltzin et 
al., 2003) and an expansion of habitat envelopes (Pauli et al., 2007), although this process is species specific 
and may not be simple to predict (Heijmans et al., 2008).  
A transition to vascular plants with higher lignin content could decrease the biodegradability of DOM 
suggesting more recalcitrant humic materials will remain (Kalbitz et al., 2006) and potentially inhibit the 
degradation of other compounds due to phenolic moieties inhibiting certain enzymes (Freeman et al., 
2001b) which could decrease DOM production. A shift from mosses to vascular plants can also change the 
point of input of carbon from the peat surface to further down the profile, causing stimulated microbial 
degradation (Fenner et al., 2007) by supplying labile carbon to support microbial production of enzymes 
involved in decomposition (Shackle et al., 2000). Recent work has also shown that vegetation type affects 
the concentration of DOC in soil water with vascular plants producing more than mosses (Armstrong et al., 
2012). There is also an effect on the soil microbial community and fungi/bacteria ratios as both presence of 
vascular plants and temperature/lower water tables can alter this (Bragazza et al., 2015; Delarue et al., 
2015), however the influence of this on the export of DOC to surface waters in currently unclear. The shift to 
vascular species may be a longer term process as there is often a lag between changes in soil chemistry and 
species composition due to the buffering capacity of soil and species being able to survive over an envelope 
of conditions (McGovern et al., 2011).  
Although vegetation type is recognised as a primary factor in the quantity and character of DOM produced 
(Don and Kalbitz, 2005; Soong et al., 2015, 2014; Watts et al., 2001) there has been little research on the 
potential impact of vegetative change on water treatment (Chow et al. 2009 and Gough et al. 2012 being 
examples). Work by Reckhow et al. (2007) identified the lignin content of DOM source material as being 
significant in determining DBP precursor levels and noted that further work is needed, particularly into the 
role of tannins. The vegetative source of DOM is especially important as 14C studies suggest that the majority 
of compounds in rivers have recently entered the system and are therefore likely to have arisen from litter 
sources or recently formed soil organic matter rather than older degrading peat (Evans et al., 2007; Palmer 
30 
 
et al., 2010; Tipping et al., 2010). This may be of particularly importance in riparian areas which have shown 
to be the dominant source of DOC to surface waters (Ledesma et al., 2015).  
The magnitude of the effect of changing the vegetative source of DOM is, however, unclear as a recent study 
suggests a degree of homogeneity in DOM once processing in the catchment has occurred meaning that 
similar recalcitrant compounds remain independent of the source (Rossel et al., 2013). Significant variation 
in DOC quantity and quality has been detected at the catchment scale, however this was found to be only a 
weak control on DOC with slope being a more important factor (Parry et al., 2015). It is important to note, 
however, that the work of Parry et al. (2015) used remote sensing for vegetation classification and this 
technique was not able to assign areas of Sphagnum cover so could not monitor one of the species currently 
of interest in peatland catchment management. 
2.2.8.2 Vegetative change in the UK uplands 
The UK uplands have been altered significantly since human occupation began with a combination of 
deforestation, burn management, drainage and grazing resulting in a semi-natural landscape (Brown, 1997; 
Fyfe et al., 2003). Although anthropogenic influence has been occurring for centuries the scale has increased 
greatly since the early 19th century (Turner et al., 2014). Whilst there is paleoecological evidence of historical 
fluctuations between floristic dominance in the uplands, due to wildfires and climate events such as the 
medieval warm period and the little ice age (Chambers, 1999; Chambers et al., 2007a, 2007b; Walker et al., 
2015), the severe decline of Sphagnum since the start of the 20th century has been described as ‘atypical’ of 
the historical record and likely due to both direct and diffuse sources of anthropogenic influence such as 
burn management and acid rain (Blundell and Holden, 2015; McCarroll et al., 2015; Tallis, 1964). 
The drainage of peatlands and deposition of nitrogen have altered the redox and nutrient status of upland 
soils allowing the establishment of typically grassland species (Berendse, 1994; Berendse et al., 2001; Hogg 
et al., 1995; Holden et al., 2007). Work in the Netherlands has shown that upland species are adapted to low 
nutrient availability and therefore grow slowly, invest resources in material which does not cycle rapidly and 
produce litter which is low in nutrients and recalcitrant to decay (Aerts, 1999). Many grassland species, 
however, are adapted to high nutrient status; growing rapidly and producing a large amount of annual litter, 
the quick decay of which reinforces its strategy of rapid growth/fast cycling of nutrients (Aerts, 1999; Mann 
and Wetzel, 2000). 
Typical peatland vegetation is dominated by the peat forming species such as Sphagnum mosses 
interspersed with vascular plants, with Calluna becoming more important in dryer areas. These communities 
are categorised in the mires and heaths sections of the national vegetation classification (NVC) system with 
wet, functioning bogs being classified, for example, as M1 or M2 (mainly Sphagnum carpets with some 
31 
 
Eriophorum angustifolium, Erica tetralix, Polytrichum commune, Aulacomnium palustre and Drosera 
rotundifolia) whereas dryer areas may have more Molinia caerulea, Calluna Vulgaris and Juncus effuses 
(Elkington et al., 2001). 
2.2.8.3 Sphagnum as a peat forming species 
Much attention has been focussed on the bryophyte Sphagnum as an indicator of functioning peatland 
ecosystem (e.g. Rydin et al. 2006b) as it facilitates the long-term storage of carbon through a number of 
mechanisms; namely the maintenance of high water-tables and low pH as well as the production of 
recalcitrant litter and anti-microbial compounds.  
Sphagnum is able to maintain a high water table though capillary action and acidify its surroundings through 
cation exchange sites, creating an environment unfavourable for vascular plants and conditions that slow the 
decay of organic matter (van Breemen, 1995). Acidification is achieved through a high concentration of 
cation exchange sites on the outer cell wall which is constructed of an uronic acid-based polymer known as 
sphagnan (Børsheim et al., 2001). Vascular plants competing against Sphagnum can struggle to access 
nitrogen and phosphorus as deposited nutrients must first pass through the Sphagnum carpet where direct 
uptake occurs, leading to low levels of flux to the rhizosphere, and the decay resistance of Sphagnum means 
nutrient mineralisation in the rhizosphere is also low (Malmer et al., 2003). 
Sphagnum is known to be resistant to decay, however there has been some debate over the relative 
importance of sphagnan (the cell wall polysaccharide) and the lignin-like structural polyphenol ρ-hydroxy-β-
carboxymethyl-cinnamic acid (sphagnum acid) in the decay resistance of Sphagnum (Hájek et al., 2010; 
Mellegård et al., 2009). There appears to be some agreement that the polyphenol is likely to cause decay 
resistance as the degradation of polyphenol structures is non-facile for many species of fungi and bacteria 
(Thormann, 2006). A physical barrier to degradation is formed on the Sphagnum cell wall surface by both a 
layer of lipids and then the sphagnum acid polymer (Karunen and Ekman, 1982) slowing decay as 
microorganisms which can break both down are rare in peatlands (Thormann, 2006). Once organic matter is 
in the catotelm anaerobic conditions reduce phenol oxidase activity, thus slowing decay and leading to a 
build-up of phenol moieties which in turn inhibit hydrolase enzymes (Freeman et al., 2001b). The structure 
of Sphagnum itself helps maintain these anaerobic conditions by keeping the water table high through 
capillary action (Hayward and Clymo, 1982) and maintaining low pH through Sphagnum’s cation exchange 
sites also inhibits phenol oxidase activity (Tahvanainen and Haraguchi, 2013). 
Sphagnum-derived organic matter is made even more recalcitrant by the layer of dead hyaline cells which 
surround the stem and the process of nitrogen translocation from senescent parts which leads to high C:N 
ratios in the decaying material (Aldous, 2002), giving slow degradation (Limpens and Berendse, 2003). During 
32 
 
decay Sphagnum is known to release 5-keto-D-annuronic acid (associated with sphagnan) which strongly 
binds nitrogen and deactivates extracellular enzymes (Painter, 1991). Numerous other antifungal and 
antibacterial compounds have been reported (Asakawa et al., 2012) meaning Sphagnum slows the decay of 
organic matter from other sources within peat. Conversely, many vascular species can destabilise organic 
matter in peat by adding labile carbon through their root systems (Fenner et al. 2007; Gogo et al. 2010), 
forming mycorrhizal associations (Bending and Read, 1997a; Rice and Currah, 2001) and altering microbial 
community structure (Bragazza et al., 2015). 
2.2.8.4 Sphagnum in the future 
The future of the uplands will likely include continued burn management and N deposition (Holden et al., 
2007) as well threats to water table levels brought about by more frequent droughts and altered 
precipitation patterns (Jenkins et al., 2009a). The wetness of the growing season is key for Sphagnum 
success with dryer growing periods, especially when coupled with N deposition, generally favouring vascular 
plants as Sphagnum has no vascular system so needs high water-tables to be able to access water (Limpens 
et al., 2008). The encroachment of grassland species is a threat to Sphagnum as they can compete for light 
and are better adapted to high nutrient status, producing labile and nutrient-rich litter which provides a 
positive feedback to these kinds of conditions (Aerts, 1999) 
Sphagnum has a number of adaptation mechanisms to avoid desiccation during drought and heat stress, 
including: storage of water in hyaline cells, a structure capable of bringing water to the surface via capillary 
action and when in a carpet or hummocks, a very small surface area exposed to evaporation (Rydin et al., 
2006). Where these adaptations fail, photosynthesis and growth cease; however Sphagnum is said to be 
‘desiccation-tolerant’ in that it can survive multiple cycles of drying/re-wetting and still recover normal 
function (Proctor et al., 2007) although this can effect sporophyte production, the process by which 
Sphagnum spreads spores for reproduction (Sundberg, 2002).  
Work into heat stress suggests that if water is still available, Sphagnum can survive significant stress and still 
recover as water in the plant cells prevents temperatures reaching lethal levels (Gerdol and Vicentini, 2011). 
A study of the impact of the 2003 summer heat-wave/drought in the Italian Alps, however, found that when 
drought and heat stress occur concurrently it can be fatal to Sphagnum populations. Bragazza (2008) found a 
critical threshold of the ratio of precipitation (mm month-1) to mean monthly temperature of 6.5, below 
which irreversible desiccation of peat mosses occurred with no regrowth observed four years after the 
event. These findings have significant implications for the survival of Sphagnum populations if droughts and 
heat stress occur more frequently in the future and could lead to community changes in peatlands as 
vascular plants rarely experience the same level of drought due to their rooting system (Malmer et al., 
2003). 
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Burn management of peatlands can result in a lower depth to water table due to an open canopy increasing 
surface evaporation which makes it harder for Sphagnum to recolonize burnt areas (Brown et al., 2014). 
Burning appears to favour species which can either regrow from surviving woody stems or which have a 
large seed bank in the soil (Chambers et al., 2007b). This is slightly complicated by the return period of burn 
management as more frequent fires (<10 year return period) do not allow Calluna to develop a dense 
canopy and can therefore favour Sphagnum and Eriphorum vaginatum. Return periods for burn 
management, as practised in the UK, are normally 8-25 years (Holden et al., 2007) and so should favour 
Calluna over the Sphagnum given the findings of Chambers et al. (2007b). 
Deposition of nitrogen is still continuing in the uplands, despite recent decreases (RoTAP, 2012), so that 
many catchments remain above critical loads (Dore et al., 2012). Increased N deposition has also been 
shown to decrease the concentration of polyphenols in Sphagnum and also stimulates litter degradation by 
normally N-limited extracellular enzymes (Bragazza et al., 2006; Bragazza and Freeman 2007). As N 
deposition positively affects Molinia, Juncus and other vascular plant growth (Berendse et al., 2001; McCorry 
and Renou, 2003; Sheppard et al., 2013) it can decrease Sphagnum cover through competition for light as 
well as stimulate the decomposition of peat and DOC flux (Bragazza et al., 2006). Sulphate deposition has 
been partly responsible for the disappearance of Sphagnum in some areas, particularly the Pennines where 
deposition has been most intense (Ferguson et al., 1978; Tallis, 1964). As sulphate deposition levels 
approach background levels and catchments recover from acidification (RoTAP, 2012), this driver is likely to 
be of decreasing importance in the future. 
In summary, Sphagnum is effective in storing carbon over long timescales as it creates an anoxic and acidic 
environment which is unsuitable for decay by most microbial/fungal communities. The organic matter in 
decaying Sphagnum material is of high C:N quotient and is resistant to decay through both its structure and 
chemical composition; limiting attack from microorganisms which are often unequipped to break down 
polyphenols. The release of nitrogen binding and anti-fungal/-microbial compounds further slows decay and 
means organic matter from other sources is offered decay resistance via proximity to Sphagnum. This means 
Sphagnum is a key species for the sequestration of carbon in peatlands and the limitation of the flux of 
carbon into surface waters. The existence of Sphagnum dominated peatlands in the UK is, however, 
threatened by encroachment of grassland species; facilitated by nitrogen deposition, burn management and 
a changing climate. 
2.2.8.5 Molinia caerulea (purple moor grass) 
Molinia caerulea is a perennial grass which thrives in calcareous fens but which can also successfully colonise 
acidic peat soils (Jefferies, 1915). Molinia has a very deep rooting system with extensive branching which 
means it is well adapted to fluctuating water tables and is prevalent in uplands where this occurs (Loach, 
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1966). Many plants in ombrotrophic peatlands adopt a strategy of low turnover, producing small amounts of 
litter which is nutrient poor and high in secondary compounds such as lignin and phenolics. However, as 
Molinia is adapted to nutrient rich environments it has the opposite strategy, producing large amounts of 
litter which is relatively labile (Aerts, 1999). This high turnover creates a rapid translocation of nutrients 
between the rhizosphere and the surface which results in Molinia litter and the areas surrounding Molinia 
communities having much higher nutrient concentrations than the surround peat (Loach, 1966). 
The high nutrient and low lignin content of Molinia litter means it decays quickly compared to typical 
peatland species (Berendse et al., 1989; Van Vuuren et al., 1993) and peat underneath Molinia is usually 
shallow unless only recently colonised (Jefferies, 1915). Chemical analysis of peat beneath Molinia 
communities suggests this may be caused by a higher hemicellulosic sugar content and the ability of the 
plant to add labile carbon into existing peat through its root system, stimulating the decay of more 
recalcitrant compounds (Gogo et al., 2010). 
The increased prevalence of Molinia in uplands, detected by pollen records, macrofossils and dating with 
spheroidal carbonaceous particles, appear to have occurred around the time of the industrial revolution 
(Chambers, 1999; Chambers et al., 2007b). There does, however, seem to be some evidence for alternating 
periods of Calluna and Molinia dominance (Chambers, 1999). A number of mechanisms act to facilitate 
Molinia colonisation of Sphagnum and Calluna dominated peatlands including both climatic factors and 
anthropogenic influence. Firstly, nitrogen deposition allows Molinia, which is capable of rapid cycling of 
nutrients, to out-compete Sphagnum, Calluna vulgaris, Erica tetralix and other peatland species (Berendse, 
1994; Berendse et al., 2001; Hogg et al., 1995). Secondly, management practices such as grazing and burning 
also favour Molinia as sheep rarely graze on it (Taylor et al., 2001) and burning appears to help it gain 
dominance over competitors as it opens up the vegetation canopy (Chambers et al., 2007b). Finally, 
projections of more frequent droughts under future climate conditions (Jenkins et al., 2009a) will favour 
species with deep rooting systems as they access water when the water-table is low (Loach, 1966).  
2.2.8.6 Calluna vulgaris (heather) 
Calluna is a dwarf evergreen shrub which is prevalent throughout the UK uplands (Holden et al., 2007) due in 
part to its ability to thrive in a wide range of soil pH and tolerate levels of heavy metals which would be toxic 
to many plants (Marrs and Bannister, 1978). Calluna has adapted to the low nutrient availability in uplands 
by adopting a strategy involving sparse litter production and allocation of resources to low nutrient tissues 
such as stems and roots which have a long lifespan; the trade-off for this strategy being a low maximum 
growth rate (Aerts, 1995). 
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Calluna produces litter with high concentrations of lignin and lignin-cellulosic secondary compounds which, 
coupled with low temperature and pH during their decay, create conditions for carbon sequestration in peat 
(Huang et al., 1998). The slow decomposition of Calluna litter and it’s poor release of nutrients create a 
positive feedback to nutrient poor soils which favour its slow growth strategy (Aerts, 1995). Calluna is not 
the best peat forming species, however, as it can stimulate the decay of more recalcitrant compounds in 
peat through its root system. Ericoid mycorrhizal fungi have been shown to be able to degrade chitin, starch, 
pectin, lignin, cellulose and gelatin (Rice and Currah, 2001) and produce per-oxidases and polyphenol 
oxidases (Bending and Read, 1997b) and thus can degrade the polyphenolic moieties known to be key to 
long-term carbon sequestration in peat. There is therefore a balance between Calluna producing low quality 
litter which promotes carbon sequestration and the action of its root system which may stimulate carbon 
mineralisation. 
The large scale CLIMAITE experiment in Demark has shown that Calluna is unresponsive to changes in 
climate over a three year timescale with no changes to above-ground biomass from CO2 and temperature 
increases and only temporary effects from drought (Kongstad et al., 2011). Any future changes in Calluna 
communities are therefore likely to be due to either nitrogen deposition or management practices as these 
are the only major drivers of vegetative change in uplands not studied in the CLIMAITE project. 
In the UK Calluna is an important part of the rural economy as it is managed for grouse (Lagopus lagopus 
scotica) game keeping (Holden et al., 2007). Around 17% of Calluna dominated uplands undergo burn 
management to create a mosaic of Calluna ages which suit grouse feeding and roosting patterns (Yallop et 
al., 2006). There is some debate in the literature over how burning management affects DOC flux with some 
authors suggesting burning causes increases (Clutterbuck and Yallop, 2010), however these conclusions have 
been questioned (Chapman et al., 2012). Worrall et al. (2012) found no differences in surface water DOC 
concentrations between pristine, burnt and cut areas of Calluna and explained differences in soil water DOC 
through altered evapotranspiration affecting water tables. This problem of disentangling the effect of 
burning and the secondary effect of opening the vegetation canopy and the subsequent possibility for 
changes in vegetation type has been highlighted by Holden et al. (2012) and is a limitation to many studies in 
this area. Despite these limitations, a recent review by Nature England suggests there is strong evidence that 
Calluna burn management increases DOC concentrations (Glaves et al., 2013) and results from the EMBER 
project (Effects of Moorland Burning on the Ecohydrology of River basins) suggest burning does significantly 
lower peatland water tables and thus could increase DOC production and carbon mineralisation through 
oxygenation of peat (Brown et al., 2014) 
Calluna is well adapted to recovery after burn management as it can generate new shoots from surviving 
bases or through its seeds which can survive high temperature and are often insulated by peat, litter or 
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carpets of mosses (Whittaker and Gimingham, 1962). Although Calluna seeds can respond quickly after 
burning as germination is favoured by the resulting increase in light and altered soil thermal properties 
(Whittaker and Gimingham, 1962), burning favours faster growing graminods which can break through the 
newly opened canopy (Ward et al., 2007). 
Experiments in The Netherlands concerning nitrogen fertilisation of heathlands have shown this can trigger a 
transition to grassland (Heil and Diemont, 1983) as although nitrogen fertilisation increases Calluna 
production it stimulates Molinia growth to a much greater degree (Heil and Bruggink, 1987). Calluna is very 
sensitive to shading so once tall, rapid growing graminoids like Molinia penetrate the canopy it can have 
large effects on Calluna flowering and thus reproduction (Iason and Hester, 1993). Interactions between N 
deposition and climate effects have also been noted as nitrogen availability reduces water use efficiency in 
Calluna thus lowering its tolerance to drought (Gordon et al., 1999). 
Nitrogen fertilisation also affects the chemistry of Calluna, increasing N content while decreasing the 
concentration of lignin (Iason and Hester, 1993) and enhancing the decomposability of its litter (Anderson 
and Hetherington, 1999). The higher N content in Calluna leaves also stimulates the growth of heather 
beetle (Lochmaea suturalis), outbreaks of which can significantly damage the Calluna canopy, allowing 
graminoids to break through (Heil and Bruggink, 1987). The effects of infestation are amplified by a positive 
feedback whereby heather beetles increase the extent of soil N fertilisation through their faeces, corpses 
and damaged Calluna leaves which fall as litter (Heil and Diemont, 1983). It has been suggested that these 
infestations are the primary stress on Calluna populations caused by N deposition as direct effects can be 
small and hard to detect in field conditions (Power et al., 1998). More recent work, however, has shown that 
the type of N deposition (oxidised or reduced) as well as P and K availability can influence this with oxidised-
N applied with P and K causing large scale decreases in both Calluna and Sphagnum cover in UK peatlands 
(Sheppard et al., 2013). 
Although Calluna appears to be resilient to climate change due to its nutrient and water conserving growth 
strategy it still faces threats in the future from competition and predation, both of which are amplified by N 
deposition. The interactive effect between N deposition and drought tolerance noted by Gordon et al. 1999 
is particularly worrying for Calluna communities given the projections for increased drought frequency in the 
UK (Jenkins et al., 2009b). Where Molinia colonises areas of Calluna it can be very difficult to remove (Ross 
et al., 2003) so despite Calluna having economic value it is likely some communities may come under threat; 
particularly those which are not commercially managed. 
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2.2.8.7 Juncus effusus (common or soft rush) 
Juncus effusus is a rush prevalent throughout the UK uplands (Drewitt and Manley, 1997) and is often known 
as ‘common’ or ‘soft’ rush. Juncus is effective at colonising acid rich, water-logged soils such as peatlands 
(Lazenby, 1955) and is often subject to management practices for its removal where it manages to 
outcompete forestry or agriculture (McCorry and Renou, 2003). Communities of Juncus can alter 
biogeochemical cycles in colonised areas as it releases oxygen through its root system which can then be 
utilised by the microbial community (Wießner et al., 2002) . Through aerenchymous ‘shunts’ (plant tissue 
which gas can pass through) it also allows CH4 produced in anoxic sediments to avoid oxidation in the 
acrotelm and be released directly to the atmosphere (Stanley and Ward, 2010). This is a concern for 
peatland carbon budgets due to the larger global warming potential of methane compared to CO2 
(Couwenberg and Fritz, 2012). 
Juncus is a highly productive species, creating a large amount of above-ground biomass with regular cycles of 
senescence and growth of new shoots, creating a large potential flux of DOC from the decaying material 
(Mann and Wetzel, 2000). The speed of growth and height of above-ground biomass has also been shown to 
affect local species richness with a decrease in less shade tolerant plants, such as Sphagnum, and an increase 
in graminoids such as Molinia (Ervin and Wetzel, 2002). 
There are reasons to suggest that Juncus may become more common in UK peatlands as a response to 
climate change and anthropogenic pressures, as: a) elevated atmospheric CO2 concentrations allow it to 
outcompete Sphagnum communities (Fenner et al., 2007), b) sheep do not graze Juncus so increased grazing 
intensity favours its dominance (Bakker et al., 1984), c) it can recover quickly from burning management and 
grows back with a greater above-ground biomass (Gabrey and Afton, 2001) and d) it responds well to 
elevated nutrient status in peatlands as well as water-table fluctuations and surface disturbance (McCorry 
and Renou, 2003). A number of studies in the UK and Ireland have noted invasion by Juncus after restoration 
work as disturbance of the peat surface allows it to successfully colonise new areas (Critchley et al., 2013; 
McCorry and Renou, 2003; Mitchell et al., 2009). 
2.2.8.8 Synthesis of vegetative change 
This literature review has identified droughts, nitrogen deposition, grazing, burn management and surface 
disturbance of peat as mechanisms by which grassland species can encroach on uplands areas. These drivers 
of change and the direction they are likely to shift community dominance are summarised in Figure 4. This 
figure has been redrawn from Bragg and Tallis (2001) to include nitrogen availability as a driver of change 
and rushes as one of the potential beneficiaries of change. 
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Figure 4: Drivers and direction of change on upland plant communities, expanded and redrawn from Bragg 
and Tallis (2001) 
Although there is recognition in the literature that litter is a major control on both the quantity and quality 
of DOC flux (Brooks et al., 1999; Chow et al., 2009; Don and Kalbitz, 2005; Soong et al., 2015) very little work 
has been published which focusses on upland vegetation types and which also includes DOC quality 
parameters of interest in a water treatment context. There is also very little work concerning the relative 
importance of the litter source of DOC versus the climatic variables under which it is produced (Tang et al., 
2013 being the only example of such a study) or assessments of how catchment management and climate 
change may interact. Recent work has shown that dominant plant functional type can influence the 
chemistry of porewater DOC in Swedish peatlands, with vascular plants leading to lower molecular weight 
DOC and higher enzymatic activity (Robroek et al., 2015), indicating that vegetation type is an important 
consideration for peatland biogeochemistry. 
Current catchment management programmes in the UK uplands have sought to raise water tables to 
encourage Sphagnum spp. prevalence over vascular plants for carbon storage reasons (Grand-Clement et al., 
2013), however more consideration is necessary of the DOC flux and water treatment implications of these 
measures. As there is evidence of both historical vegetation changes and projections for further change due 
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to climate and continued nitrogen deposition, it is important to understand how this may affect the quantity 
and quality of DOC flux. This may also serve to validate catchment management programmes which have 
shown small-scale changes in vegetation since drain blocking has been performed (Smith et al., 2014). 
2.2.9 Synthesis: Key Drivers of change in DOM quality and quantity 
There is still debate in the literature over the relative importance of each of the above processes, particularly 
between hydrological, atmospheric deposition, climate and land management controls over increasing DOM. 
Although transport can be a limiting factor of DOM flux it seems likely that a combination of longer growing 
seasons, increased aeration of peat, erosion, enhanced biotic processing and reduced solubility controls are 
acting to increase supply and thereby the concentrations in surface waters. The main factor appears to be 
specific to the catchment and the scale of the observed trend although in many acid-impacted UK uplands 
sulphate deposition appears to be the most important.  
Through continuing acidic recovery solubility controls will decrease further giving a greater aromatic humic 
fraction in allochthonous DOM. As catchments approach background levels of acidity climate and vegetative 
change will become more important. These areas require further research and modelling into the capacity of 
lakes and reservoirs to process DOM, the resilience of peat systems and what ecological changes will occur 
and their scale. Processes of vegetative change are especially in need of further research for the implications 
for DOM flux as management programmes are already in place which seek to both alter (through re-wetting) 
or maintain (burn management) current species distributions. 
As temperature, nutrient and mixing conditions become more favourable and species diversity shifts, greater 
propensity for algal blooms in rivers and lakes will likely mean autochthonous DOM even in catchments 
previously unaffected by algae. The susceptibility of individual lakes and reservoirs to algal blooms must be 
assessed and linked to catchment management (controlling nutrient flux) to mitigate the more difficult to 
control changes in physico-chemical parameters. The potential for swings from greater allochthonous 
influence in winter/spring to autochthonous dominance in summer are likely to mean that treatment 
processes will have to be designed to cope with different types of DBP precursors throughout the year and 
incoming water quality will need to be monitored either with greater frequency off-line or on-line (e.g. UV-
visible absorbance, DOC, fluorescence) to allow processes to be optimised.  
2.3.0 DOM and climate impacts on treatment 
2.3.1 Introduction 
DOM poses a general problem to WTWs as it: imparts colour, taste and odour (Lambert and Graham, 1995); 
fouls and blocks membranes and filters (Huber, 1998); binds and transports micro-pollutants such as 
pesticides (Gao et al., 1998), pharmaceuticals (Ternes et al., 2002) and heavy metals (Kalbitz and Wennrich, 
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1998); facilitates biological regrowth in the distribution system (Rodriguez and Sérodes, 2001); can form 
DBPs of health concern during final disinfection (Nieuwenhuijsen et al., 2009). In addition, DOM can increase 
the operational costs of WTWs due to higher disinfectant demand (Chow et al., 2005), sludge production 
(Clark et al., 1998), coagulant dose, requirement for pH adjustment (Edzwald, 1993) and decreased filter run 
time (Eikebrokk et al., 2004); estimates of the scale of these increases can be found in Eikebrokk et al., 2004. 
In response to changing incoming water quality and treatability, significant capital expenditure may also be 
necessary to meet regulatory standards. 
The previous section of this review considered the many drivers affecting the quantity and quality of DOM 
reaching WTWs. The following section will deal with the implications such changes in DOM will have on 
treatment to potable water standards. The treatment issues highlighted above can most easily be addressed 
in practice by the effective removal of all fractions of DOM (Bond et al., 2011a) and therefore this review will 
focus on removal of DOM and the subsequent minimisation of DBP formation.  
Table 2 gives an overview of the catchment drivers on DOM production, whether this will have a positive or 
negative impact on treatment, an estimate of their magnitude and, where possible, suggestions for 
mitigation options. 
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Table 2: Drivers of change for DOM and their effect on water treatment. 
Variable Process Positive/negative 
impact 
Notes Mitigation References 
 
 
 
 
 
 
 
Increased 
temperature 
DOC 
production 
-- responsible for 10-
20% of DOM increase 
since 1960s 
Both DOC production and 
solubility increased. 
Characterise DOM and optimise 
treatment towards removal of all 
fractions before disinfection. Switch 
to ferric coagulant, enhanced 
coagulation, new plant (GAC/MIEX) 
Evans et al., 2006 
Coagulation + slight improvement 
of removal 
  Knocke et al. 1986 
DBP formation - linear increases for 
THMs, HAAs and some 
N-DBPs 
Unstable DBPs 
(haloacetonitriles and 
cyanogen chloride) decrease 
with temperature 
Strict control during summer when 
water temperature is highest. 
Yang et al. 2007; Graham et al. 
2009; Krasner 2009; Chu et al. 
2011 
DBP formation 
in distribution 
--- DBP concentration 
increases 2-4x 
between WTW and 
tap when >15 oC 
Also dependent on length of 
distribution system and 
residual disinfectant level 
Manage distribution system 
effectively, switch residual 
disinfectant to chloramines. 
Rodriguez and Sérodes, 2001 
 
 
Drought 
Water table, 
enzymatic 
latch 
-- magnitude 
dependent on 
catchment and extent 
of drought 
Decreased DOC during drought, 
elevated afterwards. 
Grip blocking, catchment 
management to raise water table. 
Scott et al., 1998; Watts et al., 
2001; Worrall and Burt, 2004, 
Grand-Clement et al. 2014 
 
 
 
 
Storms/ 
increased 
precipitation 
Greater DOC 
flux 
- total flux increases 
although 
concentration may 
decrease 
Dependent on % of organic 
soils in the catchment and 
connectivity 
Catchment management to increase 
retention. Online process 
optimisation to have rapid response 
to changes. 
Clark et al., 2007 
Reduced 
residence time 
- scale of effect 
dependent on lake/ 
reservoir size 
Also affects degree of 
processing. Larger DOM 
reaches WTW which is easier to 
remove 
Catchment management to increase 
retention. Online process 
optimisation to have rapid response 
to changes. 
Hanson et al. 2011; Kothawala et 
al. 2014 
Erosion, 
transfer 
between 
POC/DOC 
- potential positive 
feedback as new peat 
exposed 
Less of a problem in mineral 
soil catchments. Very little 
research on POC/DOC transfer 
in the UK 
Re-vegetation, reduced grazing Billett et al., 2010 
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Higher CO2 
concentration 
Primary 
productivity 
- responsible for 1-5% 
of DOC increase since 
1960s 
Small increase to soil carbon 
pool 
Optimise treatment (switch to ferric 
coagulant, enhanced coagulation), 
new plant (GAC/MIEX) 
 
 
Evans et al., 2006 
 
Management 
practices 
DOM 
production 
+/- burning appears to 
increase DOC, causes 
are debated. Grip 
blocking reduces DOC 
Burning/grazing in need of 
further research. Grip blocking 
needs long term monitoring 
Best practices for burning, target 
grip blocking where peat has been 
drained in the past 
Holden et al., 2012; Wallage et 
al., 2006  
Reduced 
sulphate, HCl 
deposition 
DOM mobility ---(will become less 
important as 
catchments recover)  
DOM concentration and SUVA 
increase as solubility controls 
decrease. 
Optimise treatment (switch to ferric 
coagulant, enhanced coagulation), 
new plant (GAC/MIEX) 
Monteith et al., 2007 
Nitrogen 
deposition 
Vegetation 
growth, decay 
and DOM 
production 
- DOM and DON flux, 
increased primary 
productivity, 
stimulation of decay 
N deposition is decreasing in 
some catchments but there 
may be a lag before effects are 
observable.  
Cationic polymers during 
coagulation target DON. MIEX 
removes hydrophilic DON if the 
compounds are charged. 
Bragazza and Freeman 2007; 
Bragazza and Limpens, 2004; Lee 
and Westerhoff, 2006; Tipping et 
al., 2012; 
Low level 
ozone 
DOC 
production 
+ Significant reduction 
noted for DOC in fen 
cores under future O3 
concentrations 
Effect of O3 on plants and DOC 
production in need of further 
research. No effect on bog 
cores. 
Under-studied area. Future 
pollution controls will aim to 
minimise low level O3. 
Jones et al., 2009 
 
 
Combination 
Vegetative 
change 
+/- significant changes 
in DOC production 
have been noted. 
In need of further research. 
Processing in soil/stream may 
mask changes. 
Work underway in some catchments 
to encourage Sphagnum Spp. 
growth 
Gough et al., 2012; Rossel et al., 
2013 
Algal blooms -- more DON 
compounds. 
Decrease in coagulation 
efficiency and more N-DBPs. 
Cationic polymers as coagulant aide, 
bio-treatment processes, MIEX. 
George et al., 2007, Gough et al. 
2015 
 
Increased UV 
Photolytic 
processing 
+ more chromophoric 
DOM mineralised / 
made bioavailable.  
Complex effects on mixing, 
DOM and aquatic biosphere. In 
need of further research. 
 Häder et al., 2007; Farjalla et al., 
2009 
Lower pH of 
water 
Coagulation + improvement in 
removal at lower pH 
Most WTWs adjust pH already 
so cost savings achieved in this 
process 
 Chadick and Amy 1983; Crozes et 
al. 1995 
 
Storms, NAO 
Marine 
deposition 
- Br and I increase 
DBPs for chlorination 
and ozonation 
West coast most affected Enhanced coagulation, GAC, MIEX to 
remove Br, I. Online monitoring. 
Hua et al. 2006 
Effects have been assessed as either a small positive (+), small negative (-), medium negative (--) or large negative (---) impact on water treatment.
43 
 
2.3.2 Monitoring DOM quality 
The potential for short terms shifts in allo/autochthonous dominance of incoming DOM (e.g. through algal 
blooms or acidic flushes) as well as longer term trends (changing precipitation patterns or management 
practices) will necessitate frequent off-line or on-line monitoring and process optimisation as well as 
effective catchment characterisation.  
A number of techniques have been employed to characterise the quality and treatability of DOM, including: 
SUVA (Edzwald et al., 1985); UV absorbance at multiple wavelengths (Korshin et al., 2009); DOC and DON 
concentrations (Westerhoff and Mash, 2002); biodegradable DOC (BDOC) concentration (Reckhow et al., 
2007); fluorescence (Bridgeman et al. 2011 for review; Fellman et al. 2009); charge density or zeta potential 
(Henderson et al., 2008; Sharp et al., 2006a); fractionation by size, hydrophobicity or molecular weight 
(Parsons et al., 2000; Świetlik and Sikorska, 2005). Techniques to characterise the functionality of DOM 
compounds include nucleic magnetic resonance (NMR) (of carbon and nitrogen isotopes as well as multi-
dimensional techniques), Fourier-transform infra-red spectroscopy (FT-IR), pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS) and others (see Matilainen et al. 2011 for review). As extreme weather 
events become more common under a changing climate, rapid on-line monitoring of water quality 
parameters will become increasingly important (Roig et al., 2011). 
2.3.2.1 UV techniques 
The use of SUVA has shown promise as researchers have linked it to the hydrophobicity, molecular weight 
(Edzwald et al., 1985) and aromaticity of DOM (Weishaar et al., 2003) and also to the formation potential of 
DBPs, particularly THMs (Chen and Westerhoff, 2010) and HAAs (Graham et al., 2009) but also other 
unregulated DBPs (Yang et al., 2008). SUVA is not an effective tool in all surface waters, however, as some 
contain large numbers of DBP precursors which do not absorb at 254 nm (Weishaar et al., 2003) or colloids 
which scatter light at this wavelength (Croué, 2007) and both iron and nitrate ions are known to interfere 
with the measurement (Weishaar et al., 2003). Trends in nitrate concentrations in surface waters are mixed 
across the UK (Monteith et al., 2012) whilst iron has generally increased with DOC concentration (Neal et al., 
2008). Changes to water table position can affect the solubilisation of iron (Fenner et al., 2001) so climate 
and management practices may further influence surface water iron concentrations. This will mean WTWs 
using UV techniques will have to be aware of how interfering ions may affect their process control and 
calibrate their systems regularly. 
Overall SUVA seems to be an effective predictor of THM and HAA formation in waters which are heavily 
allochthonously influenced and which derive most of their DBP precursors from coloured humic and fulvic 
acids, however many known DBP precursors (such as aromatic proteins and aliphatic compounds) and N-DBP 
precursors (Chen and Westerhoff, 2010; Yang et al., 2008) do not absorb in this region. On-line monitoring of 
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SUVA has been adopted at some WTWs and can be reasonably effective tool for WTWs when conditions are 
favourable; however some WTWs may find it is not effective year-round if they suffer from seasonal 
autochthonous inputs or if this problem develops as climate and their catchment changes. 
Differential measurements, which are the change in UV properties before and after chlorination, have been 
suggested to more accurately predict the reactivity of DOM compounds rather than just the degree of 
aromaticity. The differential absorbance at 272nm after two hours of reaction time, −ΔA254(t = 2 h), has been 
demonstrated to predict chlorine reactivity, THM and HAN formation independent of temperature and DOM 
fractionation (Roccaro and Vagliasindi, 2009; Roccaro et al., 2008) and could therefore be used to optimise 
chlorination processes. This technique has, however, not been widely tested and therefore needs further 
work to validate its robustness to varying DOM properties. 
2.3.2.2 Fractionation 
Fractionation techniques, whereby DOM is separated by charge, hydrophobicity or size, are increasingly 
being used to fingerprint DOM character before and after treatment (as in Parsons et al. 2000). Table 3 
shows the results of some recent fractionation studies; it can be seen that overall hydrophobic acids 
(including humic and fulvic acids) are responsible for a significant proportion of DBP formation potential and 
also that results for the other fractions are highly catchment specific. The large variation in SUVA values for 
the same fractions in different catchments also suggests relationships using this parameter will not be 
applicable across catchments. A comprehensive review of fractionation techniques can be seen elsewhere 
(Chow et al., 2005). Whereas UV can offer information on the aromatic component of DOM that is easily 
removed, fractionation techniques offer an opportunity to characterise DOM remaining after treatment and 
thus identify which processes could be most effective in treating the remainder. Although not possible on-
line, fractionation techniques can be extremely valuable to practitioners in assessing how their processes are 
performing with respect to different DOM components, how they could be optimised or which new 
treatments could be most effective. 
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Table 3: Results of recent fractionation studies (fraction names have been altered to be comparable to similar studies where possible). 
Study Fractions SUVA (m−1.l mg−1 
C) 
THM-Formation 
Potential 
HAA-Formation 
Potential 
Notes 
Goslan et al., 2002 HA 4.9-5.8 32.4-118.9a  
Not measured 
Monitoring seasonality of fractional 
properties in UK- large variation seen. FA 3.9-6.1 26.7-186.5a 
HIA 1.1-3.7 17.7-171.3a 
HIB+HIN 0.6-1.6 8.8-85.4a 
Liang and Singer 2003 Hydrophilic 2.3-2.8 Not measured Not measured Raw waters from USA utilities. 
Hydrophobic 3.6-6.0 
Świetlik and Sikorska, 
2005 
HA 3.98 Not measured Not measured Post-treatment values. 
HPOA 3.37 
HPON 3.07 
HIA 3.09 
HIB 3.31 
HIN 2.36 
Chow et al., 2006 HPOA Not measured 15-18b Not measured Peat and mineral soil DOM extracts. 
TPIA 9-10b 
HIA 6-7b 
Lee et al., 2007 HPO 2.3-3.4  
Not measured 
157-912c Rivers in USA and France. 
 FA 5.0 Not detected 
TPIN 0.9-4.0 143-557c 
Colloids 3.7-4.6 4529c 
Soh et al. 2008 VHA 0.29 Not measured Not measured Sampled from a reservoir in South 
Australia. SHA 0.08 
CHA 0.03 
HIN 0.02 
Yang et al. 2008 HPOA 2.51-5.75 5.8-23.4d  
Not measured 
Various raw waters and wastewater 
treatment effluents in China as well as 
standards. 
TPIA 1.78-2.24 13.2-19.2d 
HPON 0.95-1.28 9.7-23.3d 
TPIN 1.02-2.01 16.8-24.0d 
aMeasured as total THMs in µg/mg C, bMeasured as total THMs in mmol/mol C, cMeasured as total HAA in nmol/mg of DOC, dMeasured as CHCl3 in nmol/mg C 
 
HA- humic acid, FA- fulvic acid, HPO- hydrophobic, HPOA- hydrophobic acid, HPON- hydrophobic neutral, HIA- hydrophilic acids, HIB- hydrophilic bases, HIN- hydrophilic 
neutrals, VHA- very hydrophobic acids, SHA- slightly hydrophobic acids, CHA- charged hydrophilics, TPIA- transphillic acid, TPIN- transphillic neutral 
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2.3.2.3 Fluorescence  
Fluorescence techniques have become increasingly popular due to their ability to attribute different peaks in 
the spectral response of DOM to types of compounds or sources of organic matter (Bridgeman et al., 2011). 
By analysing fluorescent emission at a large number of excitation and emission wavelengths a wealth of data 
is available to characterise DOM although relating features in an excitation-emission matrix (EEM) is not 
always straight forward and a number of multivariate techniques have been proposed (Bieroza et al., 2009). 
Recent work has used fluorescence to detect BDOM and protein signatures (Fellman et al., 2009), to 
discriminate between seasonal inputs of allo-/autochthonous DOM (Miller and McKnight, 2010), optimise 
reverse osmosis (Singh et al., 2012), and to estimate microbial numbers (Cumberland et al., 2012), to assess 
DOM chlorine reactivity (Beggs et al., 2013), removal efficiencies of different DOM fractions (Chu et al., 
2012) and for on-line monitoring of sewage contamination (Stedmon et al., 2011).  
A number of researchers have found fluorescence, or components of a fluorescence parallel factor 
(PARAFAC) model, to be more effective DBP predictors that SUVA (e.g. Hua et al., 2010; Pifer and Fairey, 
2012; Shutova et al., 2014) due to greater sensitivity. Fluorescence is not as limited as UV in that it can offer 
information on a broader range of compounds, including aromatic proteins, as the tyrosine and tryptophan-
like components of PARAFAC models have been shown to correlate to the biopolymer fraction of DOM 
(Baghoth et al., 2011). Incorporating this information into on-line optimisation of treatment processes is an 
area of great potential as current UV methods do not offer information on these types of compounds.  
Work by Bieroza et al. (2009) found that periods of low peak-T fluorescence (low contribution from aromatic 
proteins) correlated with periods of stable, effective DOC removal and vice versa. By incorporating a 
fluorescence measure of humic (peak C) and proteinaceous (peak T) substances it is possible to effectively 
predict DOC removal (Bieroza et al., 2010) although the exact validation of the model may be specific to the 
catchment. Similar work using multiple components of a PARAFAC model has shown to be effective in 
predicting chlorine demand as well as THM and HAA formation (Johnstone et al., 2009). Fluorescence is 
rapidly becoming an accepted method of predicting DBP formation and tracking DOM removal (Sanchez et 
al., 2013) and on-line applications of the technique have been demonstrated for other uses (e.g. Stedmon et 
al. 2011). Currently there is a need for the validation of results across multiple catchments and the 
development and testing of algorithms to optimise treatment processes. 
2.3.2.4 Catchment modelling and characterisation 
Catchment characterisation allows a number of the more time consuming and complex techniques described 
in 2.3.2 to be applied to the catchment; identifying DOM sources, their properties and creating models to 
inform management. A number of potential management processes occur in upland catchments including 
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the blocking of ditches, gullies and grips to raise the water table, control of burning and grazing, changes in 
forestation and others (see Holden et al., 2007 for detailed review). Selective management of forest species 
has been identified as potential methods of mitigating increases in DOM elsewhere in Europe (Eikebrokk et 
al., 2004) and could have potential in catchments managed for forestry in the UK (e.g. parts of Scotland). 
There has been some debate on the impact of rotational burning (see section 2.2.5), however a number of 
studies have suggested drainage blocking and the (re)introduction of Sphagnum Spp. can be beneficial to 
water quality ( Armstrong et al., 2012; Ramchunder et al., 2013) leading to proactive management policies to 
this effect (see Grand-Clement et al., 2013 for details of one such case). Further monitoring of such 
programmes is required as results, at least in the early stages, have been mixed (Brien et al., 2008) and in the 
short term can lead to greater DOC flux and solubilisation of iron (Fenner et al., 2001) . Longer term 
monitoring, however, has shown that rewetting drained peatlands can shift vegetation communities towards 
those commonly found on blanket peat (Smith et al., 2014) and blocking drainage ditches can decrease peak 
flows and DOC flux (Luscombe et al., 2014). 
The task of modelling catchment response to various anthropogenic pressures is highly complex and includes 
non-linearity, time lags and hysteresis in the relationship between pressures and outcomes (Evans et al., 
2014). Attempts to model DOC dynamics within catchments have taken a number of routes including neural 
networks (Aitkenhead et al., 2007), process based models (Futter et al., 2008) and, more recently, 
geographical information systems (GIS) (Grayson et al., 2012) and remote sensing (Luscombe et al., 2014). 
These modelling techniques can allow catchment management to be targeted in the areas causing the most 
risk of DOM flux and an area for future work may be linking qualitative models of colour risk with more 
quantitative process based models. Earlier occurrence and greater intensity of algal blooms is also a risk for 
many surface waters. Modelling of how altered parameters such as temperature, retention times and 
nutrients will affect phytoplankton communities can also be of value to water utilities and examples exist in 
the literature of the successful application of such models (e.g. PROTECH, Alex Elliott 2012).  
Monitoring, modelling and management programmes can create a greater understanding of water quality 
and allow some degree of control over influent water parameters including DOM, pesticides, turbidity, 
nutrients and others. Coupling modelling and proactive management responses will become increasingly 
important in the future both for DOM as well as water quality parameters covered by the European water 
framework directive (WFD). Current models have been effective at predicting catchment DOM flux (~90% 
accuracy) however these models need to be adapted to include the potential for climate change (Harris et 
al., 2012) and give more specific detail on DOM quality, rather than just concentration. 
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2.3.3 DOM removal 
DOM is commonly removed via coagulation using aluminium or iron salts, in conjunction with clarification 
and filtration stages. Although other options for DOM removal are available, including membrane filtration, 
ion exchange, adsorption, ozonation and biodegradation, coagulation remains the preferred option as it 
offers a balance between cost and removal efficiency (Sharp et al., 2006b). 
The efficient removal of DOM by coagulation at WTWs relies on establishing optimal conditions (e.g. choice 
of coagulant and dose, coagulation pH, sequence of chemical addition and mixing time) by means of regular 
jar-tests (Ratnaweera et al., 1999) and operational experience. These conditions vary depending on raw 
water characteristics including pH, alkalinity (Yan et al., 2008), turbidity, temperature, concentration of 
electrolytes (Runkana et al., Uyak et al., 2008) and DOC concentration and characteristics including the 
relative proportions of hydrophobic/hydrophilic species (Matilainen et al., 2011). Generally coagulation 
should be optimised (pH, dose) for DOM removal rather than turbidity removal (Budd et al., 2004) as 
expressed by the term, ‘enhanced coagulation’. 
Numerous researchers have reported good removal efficiencies of hydrophobic, high molecular weight DOM 
from coagulation due to the charge neutralisation/colloid destabilisation/adsorption mechanism of removal 
favouring these classes of compounds (Bond et al., 2011b; Chow et al., 2005; Croué et al., 1993; Gough et al., 
2013) although high hydrophobicity can decrease the size and shear strength of flocs, resulting in breakage 
during sedimentation and carry-over onto filters (Jefferson et al., 2004). In the future swings between allo-
/autochthonous influence (and therefore increases in the parts of DOM not amenable to coagulation) may 
become more pronounced. The following steps are suggested as possible mitigation strategies. 
2.3.3.1 Switching coagulant 
Work comparing DOM removal from different catchments (three Norwegian and four Australian) found that 
post-coagulation, DOM was similar with the same recalcitrant compounds remaining (Fabris et al., 2008). 
This would suggest, to some extent, that well optimised coagulation can cope with a wide range of DOM 
quality and also that there are limits to what can be achieved with coagulation as some types of compounds 
will always remain. 
Iron and aluminium salts are the most commonly employed coagulants however various other types exist, 
including polymeric metals, organic polyelectrolytes and composite coagulants (see recent review of 
Matilainen et al., 2010). For aluminium based coagulants pre-polymerised forms have better DOM removal 
than standard aluminium chloride (Eikebrokk, 1996; Hussain et al., 2013) although they can be less effective 
in low turbidity waters (Cheng et al., 2008). Composite aluminium coagulants show similar removal 
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efficiencies but offer removal of a wider range of molecular weight compounds (Aslam et al., 2013) and 
therefore have greater potential to cope with changes in DOM character. 
Approximately 10% greater DOM removal can be attained through use of ferric coagulants over alum across 
a wider range of DOM molecular weights and hydrophobicity (Matilainen et al., 2005), suggesting that 
switching to ferric could be one response to changing DOM amount and quality. Even higher removal rates 
are reported for combined ferric and aluminium coagulants (Tubić et al., 2013) and increased removal of low 
molecular weight compounds can be achieved through the use of polyelectrolyte coagulant aids (Lindqvist et 
al., 2004). Novel coagulants are currently being developed with a pilot scale study suggesting Zirconia based 
coagulants can be very effective at DOM and THM precursor removal (Jarvis et al., 2008) whereas experience 
in Norway has shown that chitosan can be used for colour removal but is not effective for controlling DOC 
(Ødegaard et al., 2010). 
2.3.3.2 Additional processes  
Attempts to form generalised ‘best practices’ in designing treatment trains for DOM removal have suggested 
pre-ozonation/enhanced coagulation/activated carbon filtration to be the most effective for DOM removal 
and DBP minimisation (Teksoy et al., 2008) with Uyak et al. (2007) also higlighting post-coagulation activated 
carbon (AC) filters as a method of removing low molecular weight and other recalcitrant DOM.  
Anion exchange can also be an effective method of removing charged DOM whether hydrophobic or 
hydrophilic (Bolto et al., 2002), although compounds with no charge are poorly removed so may still 
contribute to DBPs (Bolto et al., 2004). Recent work has highlighted the advantages of a novel form of anion 
exchange, the magnetic ion exchange process (MIEX), where in combination with coagulation it is highly 
effective in removing DOM; of particular interest is its ability to remove the trans- and hydrophilic 
compounds which are recalcitrant to coagulation (Boyer et al., 2008; Drikas et al., 2011; Fabris et al., 2013). 
MIEX can be a useful treatment option as it can also remove bromide and pesticides (Humbert et al., 2005) 
as well as bacteria (Ho et al., 2012). 
Adding MIEX before coagulation has been shown to be the most cost effective place in the treatment 
process (Grefte et al., 2013) and can reduce THM formation by 50% compared to ferric coagulation alone 
(Fearing et al., 2004). Ho et al., (2013) found MIEX to be the most effective process at removing DOM over a 
range of molecular weights making it useful when variations in DOM quality occur. Although offering greater 
robustness to changing influent DOM parameters on its own, MIEX becomes even more effective when 
combined with GAC post-coagulation, demonstrated at pilot scale by (Fabris et al., 2013). The same study 
found microfiltration followed by nanofiltration to be the best and most robust approach to DOM removal, 
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however these techniques have operational cost implications when compared to conventional treatments 
(Wiesner et al., 1994) and would require large capital expenditure. 
2.3.2.3 Synthesis 
Most WTWs operate well below the regulated limits for THMs however their systems must be robust to 
changes in DOM concentration and character, which can often be rapid. Climate change may affect the 
processes which govern oscillations between allo-/autochthonous dominance and low/high concentration 
and therefore increase the risk of regulatory non-compliance. As a result WTWs may need to respond by 
increasing the buffer between their finished water standard and the regulatory limits. This review has 
highlighted a number of ways to achieve this, these being: a) ‘enhanced coagulation’ optimised for DOM 
removal; b) switching from aluminium to ferric coagulants and/or incorporating coagulant aids; c) use of 
MIEX pre-coagulation; d) activated carbon filtration post-coagulation. All of these options will help remove a 
greater amount of DOM over a wider range of molecular weights and hydrophobicity, thus dampening 
potential swings in DOM quality. Unfortunately the best and most cost effective option will be specific to 
each treatment works and will require investigation through the monitoring, modelling and characterisation 
techniques discussed in section 2.3.2 and consideration of the vulnerabilities of the catchment discussed in 
section 2.2. 
2.3.4 Dissolved Organic Nitrogen (DON) 
There are reasons to suggest that N concentrations (as DON, ammonia, nitrates and nitrites) at WTWs may 
increase in the future due to a number of mechanisms, including: increased global N deposition (Galloway et 
al., 2008), more algal blooms giving greater DON concentrations (George et al., 2007), the preferential 
release of DON over DOC in degraded peat (Kalbitz and Geyer, 2002) and low summer flows decreasing the 
dilution of effluent and agricultural sources of N (Van Vliet and Zwolsman, 2008). Although globally N 
deposition is expected to increase in the future (Galloway et al., 2008) there is a great deal of heterogeneity 
in distribution across the UK primarily due to precipitation patterns (particularly in the uplands) and 
proximity to point sources (Dore et al., 2012). Nitrogen emissions in the UK have been decreasing (RoTAP, 
2012) however whilst deposition in some UK catchments has decreased (Curtis and Simpson, 2012) many 
remain above critical deposition loads (Dore et al., 2012) and catchments with high N concentrations, or 
indeed saturation, show slow responses to reduced deposition (Edmondson et al., 2013). Trends in nitrogen 
concentration in surface waters are also mixed with both increases and decreases noted in the AWMN 
(Monteith et al., 2012) which may complicate the measurement of SUVA as nitrate is known to be an 
interfering ion (Weishaar et al., 2003). 
High DON levels are a problem as algal and autochthonous inputs introduce DOM that is less amenable to 
coagulation (Bernhardt and Clasen, 1991; Krasner, 2009) and which also forms potentially more harmful 
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DBPs (Plewa and Wagner, 2009). Longer algal growing seasons and changing physico-chemical properties of 
lakes and reservoirs will therefore likely mean greater residual DOM concentrations in affected WTWs in the 
future. The removal of DON follows similar patterns to DOC although it has been noted that cationic 
polymers can significantly increase removal during coagulation (Lee and Westerhoff, 2006) and that low 
molecular weight compounds are less amenable to removal via coagulation (Lee et al., 2006). Bio-treatment 
processes have been highlighted for their ability to remove degradable DON compounds (Bond et al., 
2011b), however recent work has pointed to their production of DON in the form of soluble microbial 
products by the microbial biomass in filters via the incorporation of nitrate (Fan et al., 2012). 
2.3.5 Disinfection 
Increased DOM remaining after coagulation and other treatments will necessitate an increased disinfectant 
dose both because of a higher demand and the need for adequate residual levels (Rodriguez and Sérodes, 
2001). Despite treatments being fully optimised for DOM removal, a higher demand will likely remain as it 
has been suggested that overall chlorine demand is more difficult to reduce than either total DOM or THM 
precursors (Fabris et al., 2008) and that it varies seasonally (Gough et al., 2013). The type of disinfectant and 
the dose, contact time and residual concentration are all key operational determinants in DBP formation 
(Krasner, 2009), leading some WTWs to switch their disinfectant to meet regulatory demands. 
As well as focussing on the removal of DBP precursors an alternative method of DBP minimisation is to 
switch the final disinfection to chloramination rather than chlorination. In the UK chloramination is practised 
where the free chlorine residual after a set chlorination time is converted to monochloramine by dosing with 
ammonia prior to supply. A survey of WTWs in Scotland showed this to be effective in meeting the 100 µgl-1 
THM target (Goslan et al., 2009) and previous work has shown that the total organic halogens (TOX) 
produced during chloramination are between 9 and 49% of that from chlorination and the THM fraction of 
TOX is significantly less (7 versus 47%) (Kristiana et al., 2009). This is likely due to chloramines being less 
reactive with organic compounds (Cimetiere et al., 2010), a property which means they also provide a longer 
residual and are therefore effective at biofilm control (Wolfe et al., 1984). 
 
A significant drawback associated with the use of chloramines is the proportion of unidentifiable TOX species 
produced. Characterization studies have shown that TOX that cannot be attributed to known DBPs represent 
around 70% of the total halogenated by-products of chloramination, compared with around 50% for 
chlorination (Hua and Reckhow, 2007). Although at present TOX levels are unregulated, the toxicological 
significance of many of these species has yet to be ascertained. In addition, although chloramination has 
been associated with a decreased level of THMs, it increases the level of dichloroacetonitrile (DCAN) (Italia 
and Uden, 1988) and other N-DBPs (Bond et al., 2011b). Studies suggest high yields of DBPs during 
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chloramination from transphilic compounds as well as hydrophobic fractions (Yang et al., 2008) which could 
pose a problem for WTWs which are susceptible to increased autochthonous inputs either seasonally or 
under future climate conditions. 
Other methods for the minimisation of DBPs include disinfection using ozonation and the removal of DBP 
precursors through the oxidation of DOM with hydroxyl radicals, known as advanced oxidation procedures 
(AOPs), however the results are mixed for DBP classes as some are increased by the use of these methods 
(Bond et al., 2011a). Pre-ozonation is very effective at treating colour but only mineralises around 10% of 
DOC; most of the colour removal occurs through de-polymerisation and loss of aromaticity (Graham, 1999). 
As the DOM is broken into smaller, less aromatic components it is both easier to treat via biodegradation 
(Chu et al., 2012) and more difficult to remove via coagulation (Bose and Reckhow, 2007). The work of Bose 
and Reckhow therefore suggests employing pre-coagulation/ozonation/coagulation to ensure the ozone is 
targeting compounds recalcitrant to coagulation. Pre-ozonation can be effective for minimisation of some 
DBPs although it increases formation of some N-DBPs (Teksoy et al., 2008). Ozonation can therefore be an 
effective alternative disinfectant which can improve biofiltration processes and remove residual DOM post-
coagulation; however a separate residual disinfectant, such as chlorine, is also required. 
The use of UV disinfection is also becoming increasingly popular as it can either replace chlorine as the 
primary disinfectant or reduce the dose required without increasing THM or HAA formation (Reckhow et al., 
2010) although some N-DBPs may be increased (Shah et al., 2011). The efficacy of UV disinfection is 
dependent on the UV transmittance of the water which is governed by the concentration and absorbance 
profile of DOM. As the absorbance and concentration of DOM in surface waters is expected to change with 
climate (Häder et al., 2007) the efficacy of UV disinfection at WTWs may also change.   
2.3.6 Temperature and pH 
In general, changes in water temperature have only a minor impact on conventional treatment processes 
where increasing temperatures lead to faster chemical reactions (e.g. coagulant hydrolysis) and lower water 
viscosity, which can influence the performance of chemical coagulation and flocculation, floc separation (e.g. 
settling and filtration) and disinfection. While the performance of treatment processes normally increases 
with temperature, the effects are not substantial; for example temperature has been shown to have little 
effect on coagulation efficiency with low temperature (2°C) causing a slight decrease in removal of colour 
and low molecular weight DOM, compared to average temperatures, but having little effect on overall DOM 
or DBP precursor removal (Knocke et al., 1986). 
Higher temperatures during disinfection have been widely reported to increase DBP formation (Chu et al., 
2011; Graham et al., 2009; Krasner, 2009; Yang et al., 2007) suggesting that future increases in temperature 
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may have a significant effect on DBP formation. Small raw water reservoirs will likely have the greatest peaks 
in temperature whereas larger water-bodies will have lower maxima, but these will retain heat longer in the 
winter due to their greater thermal mass (George et al., 2007). This would suggest that WTWs served by 
smaller reservoirs will potentially have higher peak DBP formation whereas those with larger reservoirs will 
have a smaller increase but one which is sustained into the winter, dampening the normal cycle of DBP 
seasonality. 
Higher temperatures can also significantly increase DBP formation in the distribution system. Studies in 
Canada have suggested the difference between THM concentrations at the WTWs and the extremities of the 
distribution system increase from 1.5 to 2 times to between 2 and 4 times when the temperature is above 
15°C (Rodriguez and Sérodes, 2001). This same study also suggests that temperature is a more important 
factor in modelling the seasonality of DBP formation than UV absorbance, potentially because the 
preferential removal of hydrophobic, high molecular weight DOM tempers this seasonal influence on DBP 
formation. This problem may be exacerbated by the fact that chlorine/DOM reaction kinetics also vary 
seasonally with faster rates observed in the autumn compared to winter (Gough et al., 2013) .The 
minimisation of remaining DOM, residual disinfectant choice/dose and distribution times will therefore 
become increasingly important. 
The pH of incoming water may change in the future due to increased occurrence of acidic flushes of DOM 
(Dawson et al., 2008) and higher temperatures affecting gas partitioning and thus increasing pH (George et 
al., 2007); increased algal activity may also affect the pH of source waters. The DOM removal efficiency of 
coagulation processes is improved at acidic pH (Chadick and Amy, 1983) and this will therefore serve to 
mitigate other negative impacts of climate change on water treatment. As many WTWs already alter 
incoming water to acidic pH to improve DBP precursor removal (Crozes et al., 1995) this will mean lower 
operational costs and/or enhanced removal during acidic flushes. DBP formation is widely reported to be 
influenced by pH (Amy et al., 1987; Graham et al., 2009; Yang et al., 2008) and may therefore vary if the pH 
at disinfection is not controlled. 
2.3.7 Bromide and Iodide 
The presence of bromide and iodide are an issue in water treatment as during chlorine disinfection they 
more readily substitute onto organic compounds and shift the proportion of DBPs formed from chlorinated 
species to more brominated (Liang and Singer, 2003) and iodinated (Krasner et al., 2006) compounds. 
Comprehensive studies of the mammalian cell genotoxicity and cytotoxicity have suggested that brominated 
and iodinated compounds are more of a risk than their chlorinated counterparts (Plewar and Wagner, 2009). 
Furthermore, with respect to ozone disinfection, the presence of Br- and I- can lead to the formation of 
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bromate and iodate on disinfection, which are also of health concern (Von Gunten and Hoigne, 1992; von 
Gunten, 2003). 
Bromine and iodine enter the catchment mainly through deposition of marine salts with additional input 
from halogens in fuel additives, pesticides and industrial solvents (Davis et al., 1998) and can act non-
conservatively, accumulating in organic soils (Biester et al., 2004). Where anthropogenic influence is minor 
the three halogens are deposited in ratios similar to their natural abundance in sea water with one Chilean 
study of deposition on ombrotrophic peat finding rates of between 600 and 36,000, 6 and 160, and 1 and 3 
mg m-2 yr-1 for Cl, Br and I, respectively (Biester et al., 2004). 
Future climate conditions may increase halogen flux by releasing those stored in organic soils and also by 
altering sea salt deposition (Hughes et al., 1998). The level of sea salt (and therefore Br and I) deposition in 
Europe is strongly controlled by fluctuations in the winter NAO as this dictates storm levels and precipitation 
patterns (Garnett et al., 1997). Modelling studies have suggested that the trend of more positive winter NAO 
index values up to the mid-1990s, which caused greater deposition, will recur if sea surface temperatures 
rise (Hurrel et al., 2004), however there is yet to be a consensus as some models predict different levels of 
change or no trend at all (Rind et al., 2005). Analysis of decadal NAO values since the 18th century suggest 
warmer periods may have no impact on whether the index is positive or negative but do increase the overall 
variability of the index (Goodkin et al., 2008).This would suggest that regardless of the future trend of the 
NAO index increased variability is likely as this has occurred in previous warm periods. Episodically high 
levels of sea salt deposition can have significant effects on soil recovery from acidification (Akselsson et al., 
2013) and decadal trends in surface water concentrations of marine ions have also been detected in Welsh 
cactchments and linked to NAO periodicity (Evans et al., 2001). Modelling work has suggested that more 
positive NAO values in the future will give rise to greater marine ion concentrations in surface waters and 
alter soil chemistry and redox state (Evans, 2005). 
Although Br and I concentrations are key determinants in DBP formation, most research has focussed on 
DOM removal rather than controlling halogen levels. Enhanced coagulation has been shown to be 
reasonably effective (62- 87% efficiency) in removing bromide from raw waters, although higher levels of 
other anions (Ge and Zhu, 2008) and DOM (Ge et al., 2007) decrease this efficiency. Other processes that 
have been explored for the removal of bromide include: electrolysis (Kimbrough and Suffet, 2002), granular 
activated carbon (GAC) (Bao et al., 1999), ion exchange (Vaaramaa and Lehto, 2003), MIEX (Hsu and Singer, 
2010; Humbert et al., 2005) and silver-activated carbon aerogels (Sánchez-Polo et al., 2006). The use of ClO2 
as an alternative disinfectant is an option as it does not oxidise bromide and therefore will not form 
brominated DBPs; however, use of ClO2 as a primary disinfectant is limited due to the potential to form 
chlorite (Hoigne and Bader, 1994). 
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The need to consider options to manage or monitor Br and I levels at WTWs may become greater in the 
future if there are episodic events of high halogen deposition or longer term trends. The west coast of the 
UK receives the greatest level of marine ion deposition (Manders et al., 2010) and should therefore be the 
most affected. Bromine concentrations in surface waters can greatly effect DBP formation with one study 
finding an increase from 0 to 30 µmol Br gave a 14-74% increase in THM formation with smaller (no effect to 
35%) increases for HAAs (Hua et al., 2006).     
2.4.0 Conclusions 
As the global climate changes and local management practices and land-use alter, many upland catchments 
in the UK are likely to experience significant changes in the quantity and quality of DOM reaching WTWs. 
Many peat dominated catchments could produce more hydrophobic DOM as degradation and solubility 
controls lessen and surface waters may have increased autochthonous inputs as physico-chemical properties 
change, favouring algal blooms. Many catchments could experience increased intra-annual variation in DOM 
quality and quantity as seasonal cycles of temperature and precipitation become more pronounced and 
extreme weather events more common. At present it is unclear if in-catchment processing of DOM through 
biogeochemical and photolytic routes will be able to buffer these increases in concentration and change in 
character. Future work should attempt to ascertain the capacity of UK lakes and reservoirs in this role and 
predict their susceptibility to algal blooms and how this could be ameliorated. The role of vegetation change 
has also been highlighted and remains an area in need of further research as both climate and land 
management may alter dominant species in peatlands.  
WTWs will need to adapt by employing treatment processes that are robust to variable DOM concentration, 
molecular weight distribution and hydrophobicity; more frequent occurrences of extreme weather events 
will necessitate a greater buffer between normal treated water standards and regulatory limits. This review 
has highlighted performing ‘enhanced coagulation’, switching coagulants and employing MIEX and/or AC 
filtration as methods of achieving this. Where long distribution systems are a problem, switching to 
chloramination may be effective and the inclusion of ozonation can also be effective. 
Determining the most effective treatment response will involve characterisation of influent DOM and how 
the existing treatment train performs at removing different DOM components. Fractionation studies have 
been highlighted as effective tools in the process. Monitoring and modelling of the catchment and its 
vulnerabilities to climate and land-use change will become increasingly valuable to inform catchment 
management practices. As seasonal shifts in quality become more pronounced on-line methods of process 
control and optimisation will become more important. This review has highlighted fluorescence 
measurements as they have the ability to rapidly detect swings from humic to proteinaceous DOM and 
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therefore predict removal efficiency. Algorithms for control of treatment processes from fluorescence data 
need to be developed and tested. 
There is still a great deal of uncertainty concerning the export of carbon from upland catchments with the 
potential for a number of positive feedbacks (particularly concerning biological degradation and erosion) to 
be engaged that might further increase DOM levels. This creates a need for additional research into climatic 
driven changes in catchment processes, how water treatment will need to adapt and into the development 
and validation of monitoring techniques. 
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Chapter 3: Methods and Materials 
This chapter describes the methods used in the experimental work of this thesis. For the most part, methods 
from Standard Methods for the Examination of Water and Wastewater and the United States Environmental 
Protection Agency (US EPA) have been used to achieve comparability with other studies in the literature. 
Where method development was necessary it is detailed in this chapter along with consideration of method 
detection limits. 
3.1.0 Field sites and sample collection 
Field sites near current catchment management work were selected in both Exmoor and Dartmoor National 
Parks. Both are ombrotrophic peat bogs at the edge of the bio-climatic envelope of peat formation in the UK 
(Clark et al., 2010) and are therefore of interest as they may serve as an indicator of future change at more 
northerly sites. For vascular plants, litter was collected as standing dead biomass. For Sphagnum, whole sods 
were collected for processing in the laboratory. Samples were collected in zip-lock bags and stored in a 
chilled container to minimise decomposition between collection and the start of the experiments. On arrival 
to the laboratory samples were stored at 4 oC in the dark. Peat samples were collected using a screw augur 
and peat from 10-30 cm depth was used in the experiments. Peat samples were sorted to remove as many 
roots as possible but in sites where Molinia was present some fine roots remained.  
As the decomposition of Sphagnum spp. is a continuum process, the section 2-4 cm below the tip of the 
capitulum was taken as representative of freshly senesced “litter”, in line with other studies (e.g. Aerts et al., 
2001; Bragazza et al., 2007). Light can only penetrate the top few centimetres of a Sphagnum carpet, 
meaning 5 cm below the surface the stem is dead and slowly becomes incorporated into the peat (Rydin and 
Jeglum, 2006). Samples were sorted to remove any vegetation not belonging to the target species and then 
cut to 2 cm length and homogenised. 
Preliminary work suggested storage gave no significant difference in amount of water extractable DOC or the 
SUVA value for vegetation after three weeks of storage, however there were differences in water extractable 
DOC for peat soils after two weeks so these samples were used within one week. Sub-samples for elemental 
and NMR analysis were taken by oven drying the vegetation for 48 hours at 60 oC, cooling in a desiccator and 
then grinding using a Tema ball mill. 
3.1.1 Exmoor site 
Samples were collected from two sites in Exmoor National Park, UK; Aclands (51º 07'54.2’’ N 3º 48'43.3’’ W) 
at approximately 450 m elevation and Spooners (51º 07'23.3’’ N 3º 45'11.8’’ W) at approximately 400 m 
elevation. MIRES project (Arnott, 2010) sites on Exmoor were chosen as this has been highlighted as a 
marginal peatland area which may be vulnerable to climate change (Clark et al., 2010). These MIRES sites are 
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currently the focus of a restoration project aiming to block drainage ditches, raise the water table and 
encourage the prevalence of Sphagnum Spp. for water quality and other ecosystem services (Grand-Clement 
et al., 2013; Luscombe et al., 2014a, 2014b).  
Exmoor typically has precipitation of between 1,800-2,600 mm year -1 with mean winter and summer 
temperatures of 4.5-5.5 oC and 10-12 oC, respectively (UK Met Office 2014). The National Park contains a 
mixture of blanket mire, wet and dry heath, grassland and scrub communities (Drewitt and Manley, 1997), 
whereas the specific sites are bogs dominated by Molinia caerulea, Sphagnum spp., Juncus effusus, 
Calluna vulgaris and Eriophorum vaginatum. The peat on Exmoor is generally quite shallow (0.33 m on 
average (Smith, 2009)) and is underlain by sandstone, slates and siltstones. Samples of peat taken were 
approximately H7 on the Von Post scale, indicating dark, well humified peat with only a few recognisable 
plant structures remaining (von Post, 1922).  
3.1.2 Dartmoor site 
Seven instrumented sites across an altitudinal gradient near Postbridge (50°6’N; 3°90’W) were set up in 2014 
by Michael Bell of Reading University. These sites were monitored continuously for water-table depth and 
soil and surface temperature as well as periodic measurements of ecosystem respiration (ER) and net 
ecosystem exchange (NEE). Tea-bag indices were also calculated by Mike Bell (TBI; Keuskamp et al., 2013) as 
an estimate of each site’s capacity to degrade a standard material placed in the soil. Floristic diversity and 
peat depth measurements were taken by Mike Bell, Jonathan Ritson and Samantha Muir (Reading 
University) in 2015. The sites are blanket bogs with soils belonging to the Moorgate, Hexworthy and 
Winterhill series. Peat samples collected from these sites were approximately H6 on the Von Post scale (von 
Post, 1922) suggesting reasonably well humified material with some plant structures remaining, the majority 
of which were the roots of Molinia which had colonised the Sphagnum bogs. The sites contain a mixture of 
Molinia caerulea, Sphagnum spp., Juncus effusus, Calluna vulgaris, Erica tetralix, Eriophorum 
vaginatum, Trichophorum cespitosum and Drosera rotundifolia. Various other species, such as 
cushion and feather mosses, were noted but were of relatively low abundance . Rainfall at the site 
varies between 1,000 and 2,000 mm year-1 with temperature in the range of around 3.3 oC and maximum at 
11.1 oC for average monthly minimum and maximum, respectively (UK Met Office 2014). 
3.1.3 Use of litterbags 
Decomposition of vegetation in the field is often measured using the litter bag technique (Beyaert and Fox, 
2007). Litter of a known mass is enclosed in mesh bags which allow the decomposer community to get in but 
which are small enough for the litter itself to be contained (Bocock and Gilbert, 1957). It is not possible to 
monitor the decomposition of soils in this way due to the small size of soil particles. Bags of 0.5 mm size are 
common for these types of studies (Bragazza et al., 2007) and have been selected for these experiments as 
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they are small enough to retain small matter such as Calluna leaves. Problems with the use of litterbags in 
longer term decomposition studies have been identified as they limit the fragmentation and physical 
incorporation into the soil which occurs at 2-3 years of decomposition (Cotrufo et al., 2015). This may be less 
of an issue, however, in this study as a relatively short decomposition time is used. 
Bags constructed from polyamide monofil were purchased from Filtrations Technik (Germany) in 10 x 10 cm 
size. For each vegetation type five litterbags were prepared, installed in the field and immediately retrieved 
and taken to the laboratory for analysis of mass loss. This was undertaken to quantify the error in mass loss 
readings when no degradation had taken place. The estimated errors for each vegetation type are given in 
Table 4.  
Table 4: % error mass loss measurement of five litterbag replicates 
Vegetation type % error in mass loss 
measurement 
Sphagnum 3.6 
Molinia 9.4 
Juncus 5.0 
Calluna 10.2 
 
The litterbags were installed across an altitudinal gradient with site 2 at an elevation of 365 m above sea 
level, site 5 at 503 m and site 7 at 528 m. A single polypropylene dip well, with perforations along its length, 
was installed at each site in November 2013 by the University of Reading (Michael Bell). Absolute pressure 
was recorded at 15 minute intervals using a non-vented pressure transducer (HOBO U20-001-04 Water Level 
Data Logger) suspended from the top of each dip well with plastic-coated stainless steel cable. To 
compensate the dip well pressure readings for barometric pressure, an additional sensor was placed above-
ground at a single location and was set to log at the same interval. Water level was recorded manually from 
a fixed point at the top of the dip well when the loggers were downloaded and during other site visits. The 
compensated pressure readings were calibrated to these manual water level measurements to give a 
continuous time series of water level relative to the bog surface. 
Temperature was recorded and logged every 5 minutes at a depth of 5 cm below the bog surface using a 
logger with external temperature sensors (HOBO U23 Pro v2 Temperature Data Logger). 
The resulting mean data for temperature at 5 cm depth and depth to water table for the months leading to 
the two month and ten month collection are shown in Table 5. 
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Table 5: Summary temperature and water table data for Dartmoor sites used in litterbag experiments 
Site Temperature at 5 cm (oC) Depth to water table (m) 
Two month 
collection 
Ten month 
collection 
Two month 
collection 
Ten month 
collection 
2 (365 m asl) 8.75 10.25 0.03 0.05 
5 (503 m asl) 8.08 8.89 0.09 0.12 
7 (528 m asl) 8.03 8.85 0.08 0.11 
 
3.2. DOC extraction 
DOC was extracted from soil and vegetation samples using approximately 20:1 ratio of reverse osmosis (RO) 
treated water to sample. Previous work has shown that the amount of water used to extract DOC and 
whether one extraction is performed or sequential extractions to simulate rainfall events gives no significant 
variation in DOC quality (Don and Kalbtiz, 2005, Soong et al., 2014), only changes in the total amount of DOC. 
Deionised water has been used in similar degradation studies (Baumann et al., 2009a; Cortez et al., 1996a) 
and is employed so that no organic carbon or ions which could interfere in the solubilisation of DOC are 
added to the samples. This will also mean, however, a much lower buffering capacity than using real rain or 
deionised water modified to create synthetic rain. Another possibility would have been to collect rainwater 
from the field sites and use this for the rainfall treatments and DOC extractions. This would, however, have 
created logistical problems in collecting and transporting the rainwater to ensure minimal biological growth 
and would have added organic carbon to the samples. It is also extremely difficult to get permission to install 
even small structures such as water butts for rainwater collection in the Dartmoor and Exmoor National 
Parks.  
Some methods have used salt solutions or hot water to extract more DOC compounds from soils, however 
this may not be representative of what can be solubilised under field conditions and so has not been used 
(Carter and Gregorich, 2007). Reverse osmosis was therefore used as a compromise between realistic 
extraction conditions and logistical practicality. 
3.3. Disinfection by-product (DBP) method and detection limits 
Although many classes of DBPs are formed during water treatment this study focusses on selected THMs and 
HANs, as they are regulated in England and Wales and have a World Health Organisation guideline limit 
(WHO, 2011), respectively, and can be measured using a single method. As these experiments used artificial 
source waters with no bromide, the brominated forms of these two classes of DBPs were not present. 
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Chloroform, dichloroacetonitrile (DCAN) and trichloroacetonitrile (TCAN) formation have therefore been 
used as an indicator of potential changes in formation of THM and HAN classes, respectively. Haloacetic 
acids (HAAs) were not included as they are not regulated in England and Wales at the time of the study and 
require a separate method of analysis, requiring significantly more time. Data on the formation of 
trichloronitromethane (TCNM, also known as chloropicrin) and 1,1,1-trichloropropanone (1,1,1-TCP) have 
also been included as they are measured simultaneously using the same method as the target DBP analytes 
and are included within the commercially available DBP standard mixture that was used. 
DBP formation potential tests will be used to indicate likely DBP formation. These tests use a longer contact 
time than that used in industry and dose chlorine in excess to give an indication of maximum THM formation 
rather than the exact amount which may form at a treatment works (Krasner et al., 2004). Temperature, 
chlorine dose, biofilm growth and length of distribution system can all affect further THM formation which 
may occur with the residual disinfectant in the distribution system (Rodriguez and Sérodes, 2001). DBP 
formation in the distribution system will not be covered in this thesis as a theoretical maximum THM value is 
obtained from the formation potential tests. Also, effectively simulating fully treated water, rather than just 
jar-test coagulation, is difficult in the laboratory due to the bio-physical processes occurring in aged filters, as 
is replicating biofilm growth in pipelines. 
The formation of DBPs from DOC samples was achieved through chlorination as in Krasner et al. (2004). This 
involved buffering at pH ~8, chlorinating in excess (5 mgCl per mg of DOC) with NaOCl solution and 
incubating at 25 oC for 24 hours. The chlorine concentration of the NaOCl dosing solution is prone to 
degradation and so was tested on the day of use using US EPA 330.4 DPD titrimetric method (US EPA, 1978). 
The same method was used to confirm residual chlorine concentrations. At the end of the chlorination 
period samples were quenched using ammonium chloride, acidified with HCl and extracted immediately 
using the US EPA 551.1 method.  
For ease of comparison to other published studies, DBPs were measured using EPA method 551.1 which 
involves a liquid/liquid extraction with methyl tert-butyl ether (MTBE) before quantification with gas 
chromatography with electron capture detection (GC-ECD) using commercially available standards (Sigma 
Aldrich) for calibration. Blank samples were run at the start and end of each sample run and all 
chromatogram peaks were normalised to that of an internal standard, bromo-fluoro-benzene (Sigma Aldrich, 
UK), added to each sample. The peak height of the internal standard was also used to monitor the 
performance of the GC system. 
The following method detection limits (MDLs) given in Table 6 were determined by analysing a 0.5 µg mg-1 
standard in triplicate and taking the MDL to be three times the standard deviation of the result. The 
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production of MDL values and subsequent attempts to optimise the GC system were performed in 
collaboration with Chrissa Sfynia and Dr Tom Bond, both of Imperial College, who were using the same 
method for DBP quantification. 
The MDL values for TCAN, DCAN and 1,1,1-TCP are comparable to those achieved in the literature (Bougeard 
et al., 2010; Chu et al., 2012; Nikolaou and Lekkas, 2002) whereas chloroform is higher than the ~0.1 µg l-1 
achieved elsewhere. Attempts were made to improve this, including; changing the GC septa, inlet and 
column as well as baking off the detector and manually cleaning with hexane as per the manufacturer’s 
instructions. Unfortunately, none of these methods were completely effective in improving the baseline 
noise. MDL’s up to 1 µg mg-1 have been reported in the literature (Chow et al., 2009) so although it would be 
desirable to improve the chloroform MDL further, 0.4 µg l-1 was taken to be an acceptable value. 
Table 6: Method detection limits for DBP compounds of interest 
Compound MDL (µg L-1) 
Chloroform 0.40 
TCAN 0.05 
DCAN 0.03 
1,1,1-TCP 0.05 
 
Due to instrument failure during the project DBP analysis was not available for all of the experimental work. 
Some samples were sent to a commercial laboratory for analysis, however these were not completed within 
the time recommended by US EPA method 551.1 and so were not included in subsequent analyses. 
3.4. Coagulation 
Coagulation/flocculation jar testing is performed by utility companies to test coagulant dosages and pH 
ranges in a simulation of the full scale process occurring at treatment works. Ferric sulphate was used as the 
coagulant for the experimental work as it is reported to remove more DOC than aluminium based coagulants 
over a greater range of molecular weights (Matilainen et al., 2005). Performing coagulation on litter leachate 
prepared with RO water presents a problem as there is no turbidity, which can aid floc formation, and very 
low buffering capacity, which means large changes in pH occur on addition of coagulant. To counter this and 
keep pH in the desired range, lime (calcium hydroxide) was added before the coagulant to buffer the pH and 
aid floc formation and effective DOC removal. The required amount of lime was determined by performing a 
titration between the DOC sample and coagulant then adding lime drop-wise with vigorous mixing using a 
magnetic stirrer until the correct pH was achieved. 
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For the climate simulation experiments where a large number of samples were being tested, a single dosage 
of coagulant/lime was used to compare the relative ease of removal of the DOC samples at standardised 
conditions. There is the possibility, however, that the samples were not fully optimised for DOC removal and 
that better removal could have been achieved at different dosages or pH values. To investigate this, an 
experiment was undertaken into the optimisation of DOC removal for different vegetation and soil sources 
(Chapter 4). This investigated a range of dosages and pH values using the methods found in US EPA 
‘Enhanced Coagulation and Enhanced Precipitative Softening Guidance Manual’ (US EPA, 1999) as well as 
ASTM method 2035-08 as a guide. This involved finding the ‘point of diminishing return’, the point at which 
adding a further 10 mg l-1 coagulant removes less than 0.3 mg l-1 DOC. These dosages was then used to test 
pH in the range 4.5-6.0 based on literature reports of effective removal for ferric sulphate (Matilainen et al., 
2010).  
Using these EPA guidelines for the subsequent experiment meant, however, that different coagulation 
conditions were used in the experiments making comparisons between experiments more difficult than 
comparisons within experiments. Only single sources of DOC will be tested to assess the impact of shifts to 
different dominant DOC sources. Although interactive effects on coagulation efficacy may occur when mixing 
DOC sources, this will not be covered due to the level of complexity and time needed to test all possible 
combinations. 
All jar testing was performed on a Phipps and Bird PB-700 paddled jar-tester (Phipps and Bird Ltd., Virginia, 
USA) and after settling, filtered through Whatman qualitative grade #2 filters to remove the remaining flocs. 
This process of jar testing followed by coarse-grade filtration is approximately the same as water treated by 
coagulation/flocculation plus rapid gravity filtration at full scale in a treatment works (Binnie and Kimber, 
2009). 
Coagulation performance can also affect further treatment processes based on the size and strength of the 
flocs formed (Eikebrokk et al., 2004). This will not be covered in this thesis due to the complexity involved in 
setting up representative bio-physical filtration systems in the laboratory. Instead, the removal of DOC and 
DBP precursors will be used to assess coagulation performance, as in other studies (e.g. Cheng et al., 2003; 
Qin et al., 2006).  
 
3.5. Dissolved organic carbon (DOC) analysis 
DOC was measured as non-purgeable organic carbon (NPOC) on a Shimadzu TOC-V instrument which uses a 
UV/persulphate oxidation method. The MDL was found to be 0.05 mg l-1 by running five replicates of a blank 
sample and taking the MDL to be three times the standard deviation. The instrument was calibrated daily 
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using freshly prepared TOC standards. Blank samples were run every 15 samples to ensure limited carry over 
and a 10 mg l-1 standard was tested at the end of every sample run for quality assurance. Samples were 
filtered using pre-combusted GF/F filters (Whatman, UK), acidified to ~pH 2 using HCl and stored at 4oC 
before analysis. Each sample was analysed in duplicate or triplicate if the coefficient of variation was 
deemed to be too high, as per the manufacturer’s protocol. 
3.6. Ultraviolet (UV) absorbance 
UV absorbance has been widely adopted in the water treatment industry and in academic literature as a 
method of characterising DOC based on surrogates for aromaticity, molecular weight and extent of 
humification (Matilainen et al., 2010). Applications of UV methods are discussed further in Section 2.3.2.1. 
UV absorbance was measured on a Perkin Elma Lambda 3 using a 1-cm pathlength quartz cuvette and the 
specific absorbance, SUVA, was calculated as the absorbance at 254 nm in units of m-1 divided by the NPOC 
content (mgC l-1). This value has been correlated with the aromaticity of the DOC sample (Weishaar et al., 
2003). In later work a larger UV region was scanned (190-600 nm) so that the so called ‘E-ratios’ could be 
assessed as predictors of DOC treatment properties. These ratios are E2:E3 (250:365 nm) and E2:E4 (250:400 
nm) and have been correlated with humic substance molecular weight and degree of humification, 
respectively (Peuravuori and Pihlaja, 1997). 
3.7. Fluorescence  
Fluorescence spectroscopy involves exciting a sample at a specific wavelength and then monitoring the 
emission of light (fluorescence) at a lower energy wavelength after vibrational relaxing has occurred. 
Fluorescence techniques have become increasingly common in the study of DOM character as they are more 
sensitive than absorbance measurements and potentially offer more information as a number of excitation 
and emission properties can be studied at the same time (Matilainen et al. 2011). Applications of 
fluorescence spectroscopy are discussed further in Section 2.3.2.3. Samples were scanned at excitation 
wavelengths between 220 and 450 nm at 5 nm intervals and the resulting emission observed between 300 
and 600 nm at 2 nm intervals using a Vary Eclipse fluorescence spectrophotometer. An R script was 
developed based on published scripts (Lapworth and Kinniburgh, 2009) to perform a blank subtraction and 
mask out Rayleigh and Raman scattering as well as visualise the data and calculate common fluorescence 
indices. Data were normalised to the Raman scattering peak of a RO water sample to allow comparison to 
other laboratories (Lawaetz and Stedmon, 2009). 
The resulting data give a three dimensional excitation-emission matrix (EEM). In the literature this is 
commonly split into a number of areas based around the fluorphores which are known to emit at certain 
wavelengths. These are typically humic-like, fulvic-like, tyrosine-like and tryptophan-like with some studies 
including a marine humic-like category if relevant (Bridgeman et al., 2011b). 
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Visualisation of these different areas can allow a qualitative assessment of differences between components 
of DOM samples, however attempts have been made to correlate features in the EEM to other DOM 
properties. These have included a humification index (HIX) (Kalbitz et al., 2000a; Ohno, 2002), the value of 
the humic-like peak C (Beggs et al., 2013), a fluorescence index (FI) as an indicator of microbial input to DOM 
(McKnight et al., 2001), the ratio of humic-like to protein-like fluorescence (Bieroza et al., 2010) and more 
complicated methods such as parallel factor analysis (PARAFAC) (Bro, 1997). The ‘peak C’ measure, related 
to humic-like character, was defined as the maximum intensity of emission between 380 and 460 nm from 
excitation between 300 and 360 nm (Beggs et al., 2013) and specific peak C was this value normalised to 
DOC concentration. The tryptophan-like peak, ‘peak T’, was defined as the maximum intensity of emission 
between 320-360 nm from excitation between 270-290 nm.  
There has been mixed success in applying fluorescence measurements to the treatability of DOM, as some 
features correlate to DBPFP but researchers report relationships which are both better (Pifer and Fairey, 
2012) and worse (Beggs et al. 2013) than SUVA as a predictor of DBPs. Fluorescence was used in this project 
to characterise DOC samples and asses the utility of online fluorescence measurements as a tool for 
predicting treatment outcomes. 
3.8. Elemental analysis (C:N) 
Elemental analysis was performed on both vegetation and soil samples as a means of assessing the 
decomposability of the material and potential for DOC flux (Bragazza et al., 2007, Soong et al., 2014). 
Samples were analysed in duplicate on a Thermoflash C:N analyser. Aspartic acid (Sigma Aldrich) was used as 
a reference material for the overall performance of the instrument and standard material for soil and 
vegetation (provided by University of Reading) was also used to test instrument performance in more 
complicated matrices. Empty sample cups were run in between soil and vegetation samples and between 
samples and QC standards to reduce carry over. 
3.9. Nuclear Magnetic Resonance (NMR) 
Nuclear magnetic resonance (NMR) is a powerful tool employed in the interrogation of DOM, soils and 
vegetation (Cook, 2004; Nierop et al., 2001; Preston, 2001). One of the NMR techniques most commonly 
applied to DOC, vegetation and soil samples is solid-state cross-polarisation magic angle spinning (CP-MAS) 
13C- NMR (Matilainen et al., 2011). The first step involves cross-polarisation, whereby the polarisation of the 
abundant spins is transferred to that of the rare spins, in this case 1H to 13C, with the net effect of a four 
times increase in 13C signal due to the difference in gyroscopic ratio between the two. Magic angle spinning 
is then used to remove line broadening due to chemical shift anisotropy and is achieved via spinning the 
sample at high speed (3 kHz or more) at the ‘magic angle’ of 54.7 degrees (Cook 2004). A rather complex 
signal is achieved due to the mixture of compounds in the organic matter sample and as such individual peak 
66 
 
assignment is rarely attempted. Instead researchers assign areas of the spectrum to classes of carbon 
environments and via integration can indicate the relative proportion of each of these components to the 
overall signal (Peuravuori et al., 2003; Wong et al., 2002).  
There are however some problems with the technique in that the MAS produces spinning sidebands (SS) to 
the main peaks as time dependence is introduced as the magnetisation is refocused due to the spinning 
sample (Cook 2004). This creates ‘echoes’ in the spectra which can overlap with other peaks and therefore 
interfere with quantitative assignment. An effective way around this is a modification of the CP-MAS 
technique to include total suppression of spinning side bands (TOSS) where π pulses are used to displace the 
SS in time and thus not interfere with the signal (Cook 2004). This has been shown to be effective in 
removing SS and can thus produce semi-quantitative results (Peuravuori et al. 2003).  
Modern NMR systems can get around the problem of SS by increasing the MAS spin rate so that the 
sidebands are shifted out of the field of interest. This was achieved in the development of this method by 
spinning at 10kHz rather than the ~3kHz stated in many early methods. The method was also altered to 
improve the signal to noise ratio by taking a higher number of transients for soil samples over vegetation 
due to the presence of paramagnetic material in soil samples. This method development was performed by 
Dr Radoslaw M. Kowalczyk of the University of Reading chemical analysis facility (CAF), with the assistance of 
Jonathan Ritson. 
CP-MAS was used to ‘finger-print’ the different vegetation sources of DOM. Samples were prepared by 
drying at 60 oC for 24 hours before cooling in a desiccator. The samples were then ground and homogenised 
before analysis at the University of Reading CAF on a Bruker AV500 instrument. The spectra were externally 
referenced to adamant (Sigma Aldrich) and the resulting spectra were analysed by splitting into regions of 
different chemical character and integrating the signals in these regions, as in Peuravuori et al. (2003).   
3.10. Iron measurement 
Iron concentration is of interest as it may interfere with the measurement of UV absorbance indices 
(Weishaar et al., 2003). As samples were collected from an ombrotrophic peatland, iron concentration was 
expected to be low (Clark et al., 2011), however this was confirmed using the ICP method for the 
experiments in Chapter 4. Iron concentration was measured in the bulk and post-coagulation samples using 
US EPA method 200.7 for inductively coupled plasma atomic emission spectroscopy (ICP-AES). This method 
was applied using a four-point multi-element calibration between 0.1 and 100 mg l-1 and calibration checks 
of the 10 ppm standard were run every five samples. Calibrations blanks of 1M HNO3 were also run to check 
for interference from the reagent water or the acid. The method detection limit (MDL) was calculated as 
0.05 mg l-1. The ICP instrument was operated by Nicholas Schaeffer of Imperial College. 
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3.11. Biodegradable dissolved organic carbon (BDOC) measurement 
BDOC is a measure of the biological stability of DOC, determining the fraction that can be mineralised in a 
given time by heterotrophic bacteria. The proportion of BDOC therefore gives an idea of both the 
persistence of DOC in the aquatic environment and, in a water treatment context, the ability of DOC to 
support microbial growth in distribution systems (Reckhow et al., 2007). There are a number of published 
methods for BDOC with either decrease in DOC or production of CO2 monitored over a period from five to 90 
days. A recent review of methods suggested that either monitoring loss of DOC after a seven-day incubation 
with added nutrients or monitoring CO2 production over a 42-day incubation were the most effective 
methods (McDowell et al., 2006). The loss of DOC method was selected due to ease of use and availability of 
equipment. 
The BDOC fraction is determined by diluting the DOC sample to ~ 10 mg l-1, taking 35 ml of this sample and 
adding 1 ml of a nutrient solution comprised of 0.1% NH4NO3 and 0.1% K2HPO4 and then adding 0.1 ml of a 
microbial inoculum. The inoculum was prepared by mixing 10 g of a peat soil with 100 ml of RO water, 
shaking and then incubating at 20 oC for 24 hours. The supernatant of this mixture is added unfiltered to 
preserve the whole bacterial community. The samples are then incubated in the dark for seven days at 20 oC 
and loss of DOC is measured at the end of the incubation. A microbial inoculum from a similar source was 
used as microbial communities have been shown to be best at processing DOM from its native environment 
(Young et al., 2005), although other authors have found little effect of inoculum source (Servais et al., 1989) 
so the main concern in this method may be providing a similar community to all samples. 
The 35 ml samples were incubated in a 100 ml quartz boiling tube so that a large amount of headspace was 
available to ensure oxic conditions throughout the experiment. The tubes were sealed using a double layer 
of parafilm as rubber bungs, as used in other methods (Moody et al., 2013), proved to leach DOC into the 
samples. Quartz glass was used as the BDOC measurements so that the same conditions could be used in 
subsequent photo-degradation studies (not covered in this thesis). Photo-degradation of samples was 
attempted, however when published methods (Moody et al., 2013) were followed, unrepeatable increases 
in DOC were found over time. Subsequent investigation showed the rubber bungs were leaching DOC into 
the samples. When further photo-degradation work was attempted without bungs, small increases in DOC 
were still found, although these were repeatable. This has been attributed in the literature to DOC desorbing 
from POC and from production of autochthonous DOC from bacteria (Jones et al., 2015). As this mechanism 
would make discrimination between and autochthonous DOC and the allochtonous of interest difficult, 
further photo-degradation studies were not attempted. 
Two replicates were performed for each sample. The average standard error of replicates from 25 samples 
was 1.49%. To check the activity of the inoculum a dextrose solution was prepared with added nutrients, 
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inoculated and incubated with the samples with DOC loss measured after seven days. For the BDOC 
experiments in Chapter 8 the dextrose control showed strong activity from the inoculum with 96.3% removal 
after seven days. 
3.12. Statistical considerations 
Statistical analysis was performed in the open source programming language, R, and SPSS version 21 (IBM). 
Most experiments were implemented using an ANOVA design except where covariates were also included in 
the model, in which case ANCOVA has been used. The Fligner-Kileen test was used to test for homogeneity 
of variance as it is robust to departure from normality (Conover et al., 1981). Where variables proved to be 
heteroscedastic, a log10 transformation or Box-Cox transform (Box and Cox, 1964) were applied. Tukey post-
hoc corrections (Tukey, 1949) were used to differentiate between DOC sources and a two–sided Dunnet’s 
test (Dunnet, 1955) was used to compare each severity of drought treatment to the control group in Chapter 
7. Interactive effects found by the omnibus ANOVA were followed up using multiple one-way ANOVAs with a 
Holm-Šidák correction to control the inflation of type one error (Holm, 1979; Šidák, 1967).  
Estimates of effect sizes were made using ω2, a test statistic which suggests the variance explained by the 
factor, as this is a less biased measure when used with small samples sizes (Keselman, 1975). Correlations 
between variables were tested using Spearman’s ρ as a non-parametric test of correlation (Spearman, 1904).  
3.13. Dissolved organic nitrogen (DON) method development  
Most common methods of finding dissolved organic nitrogen (DON) concentration are based around 
measuring total dissolved nitrogen (TDN) and then subtracting dissolved inorganic nitrogen (DIN) as these 
species (nitrate, nitrite and ammonia) are easier to measure than DON (Sharp et al., 2002). Measurement of 
the different species in Eq.1 can propagate around 5% experimental error at each step and is particularly 
unreliable where DIN/TDN ratios are high (Lee and Westerhoff, 2005), leading to some laboratories 
reporting negative analytical values for DON (Dr Joanna Clark, personal communication). 
𝑫𝑶𝑵 = 𝑻𝑫𝑵−𝑵𝑶𝟑
− −𝑵𝑶𝟐
− −𝑵𝑯𝟑/𝑵𝑯𝟒
+ Eq. 1 
Alternative methods have been proposed whereby the DIN component is either reduced or separated from 
DON and thus decrease the experimental error. Schlueter (1977) developed a method of using ion-exchange 
resins to remove NO3 and NO2 and thus decrease the DIN/TDN ratio. This method still leaves NH3, however, 
and is therefore still likely to propagate errors through the multiple measurements.  
A recent development is to measure DON directly via size exclusion chromatography (SEC) coupled with 
organic carbon and organic nitrogen detection (SEC-OCD-OND). The components of the sample are 
separated by size/charge and therefore DON elutes before DIN allowing online measurement of each 
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component via an oxidation/UV detection unit on the column. This technique has been validated against 
standard solutions, reference materials and NOM samples with varying DIN/TDN by Huber et al., (2011) and 
Graeber et al., (2012). This technique is reported to be accurate even at high DIN/TDN ratios; however the 
equipment required is prohibitively expensive. 
Lee and Westerhoff (2005) proposed a method of removing all DIN species through a dialysis pre-treatment 
of samples using a 100 Da molecular weight cut-off (MWCO) membrane. This method offers statistically 
similar performance to standard methods when DIN/TDN is <0.6 but offers improved accuracy when the 
ratio is higher. Disadvantages of the method include the adsorption of organics onto the membrane (noted 
as a particular problem for wastewaters) and that the MWCO will allow some low molecular weight DON to 
pass (i.e. urea). 
To assess the need for an advanced treatment method, data were obtained from the UK environmental 
change network (ECN) of nitrogen content of soil and surface waters at the Moor House and Snowdon sites 
(mean monthly data, 1992-2010). These sites include ombrotrophic bogs in the catchment and were 
therefore taken to be representative of values likely to be found in the catchment used in the experimental 
work of this thesis. These data were used to find the percentage of months where the DIN/TDN ratio was 
>0.6 and therefore the proportion of values where standard methods would not give an accurate 
measurement. Table 7 shows these data. 
Table 7: Summary of monthly nitrogen chemistry at Moor House and Snowden, two ECN sites in the UK 
     
Mean 
 
Range 
% months 
where 
DIN/TDN 
>0.6 
Site Sample 
source 
Nitrate 
(mg/l) 
Ammonia 
(mg/l) 
TN 
(mg/l) 
DIN/TDN* DIN/TDN  
Moor House Surface water 0.11 0.02 0.35 0.35 0.03-0.98 9.7 
Moor House Soil water 0.01 0.08 0.55 0.16 0.06-0.96 31.7 
Snowdon Surface water 0.10 0.03 0.28 0.45 0.03-0.95 28.5 
Snowdon Soil water 0.08 0.07 0.41 0.36 0.00-0.93 7.3 
*Nitrite was not measured so actual ratios will be higher. 
These data suggest that between approximately 10-30% of samples will be above the 0.6 DIN/TDN threshold 
where most methods are inaccurate and perhaps a greater percentage if nitrite were also measured. 
To test the method of Lee and Westerhoff (2005) cellulose ester dialysis tubes were obtained (Spectra Por, 
Spectrum Laboratories, USA). The 100 Da MWCO membranes used in the published method have been 
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discontinued by the supplier and no commercially available membranes of this MWCO are available. The 
lowest MWCO membranes available give a range of 100-500 Da so these were tested as they were 
suggested by Spectrum Laboratories to be of similar performance to the discontinued membrane. Floating 
dialysis membranes were purchased for ease of use and tests were performed using a dialysis rig 
constructed as per Figure 5.  
 
 
Figure 5: Test dialysis rig constructed to match conditions in Lee and Westerhoff (2005) using a 1.5 l vacuum filtration 
flask as the dialysis tank 
The peristaltic pump flow-rate calibration was confirmed by timing 10 l of flow with a stopwatch in triplicate 
and was found to be accurate. The flow-rate was set to achieve a sample volume/ total acceptor volume 
ratio (calculated as flow-rate x 24 hours) of 1:640 using reverse osmosis (RO) treated water as the acceptor 
solution. A test solution was prepared and dialysed to assess whether the 100-500 Da MWCO membranes 
were effective and if they could achieve results similar to those of Lee and Westerhoff (2005). 
The test solution contained approximately 3.5 mg l-1 aspartic acid as a low MW DON compound as well as 3.5 
mg l-1 ammonia (DIN), both obtained from Sigma Aldrich, UK. Aspartic acid was chosen as it is a known 
precursor of both nitrogenous and carbonaceous DBPs (e.g. Chu et al., 2011, 2010) which has a molecular 
weight of 133.10 Da, within the range of the membrane MWCO. Dialysis was performed for 24 hours and 
concentration of the nitrogen compounds of interest were found using a Skalar CFA instrument at Reading 
University, run by G.P Warren, which reduces nitrate to nitrite with hydrazinium sulphate before 
colourimetric measurement of ammonia and nitrite to give DIN.  
Three dialysis runs were performed on the test solution and the results are presented in Table 8, below. 
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Table 8: Results of dialysis on aspartic acid/ammonia test solution using Spectra Por 100-500 Da MWCO cellulose 
ester membranes (mean of three experimental replicates ± one standard error) 
 Aspartic acid 
concentration mg l-1  
Ammonia 
concentration mg l-1 
Nitrate + Nitrite 
concentration mg l-1  
Test solution 3.67 ±0.01 3.68 ±0.126 -0.01 ±0.006 
Dialysed test 
solution 
1.51 ±0.07 0.13 ±0.004 0.051 ±0.005 
 
These results suggest that the membranes are effective in removing DIN as ammonia (96.6% reduction); 
however the MWCO also allows significant losses of a DON which is of interest as a DBP precursor (58.9% 
reduction). The published method of Lee and Westerhoff, (2005) can therefore no longer be effectively 
applied given that the 100 MWCO membranes specified are no longer available. 
It was therefore concluded that an accurate method for DON measurement was not possible given the 
laboratory equipment constraints and the unavailability of low MWCO membranes. Correlations between 
the formation of N-DBPs and bulk DON measurement have been poor or non-existent (WH Chu et al., 2011; 
Krasner et al., 2012; Mitch et al., 2009) in many studies so the lack of a reliable method for DON analysis may 
be of less importance to future DBP studies. Fluorescence measurements are capable of interrogating 
protein-like components of DOC (Bridgeman et al., 2011b) and thus may offer a method of investigating 
these types of compounds. DON analysis was attempted for the coagulation optimisation work in Chapter 4 
by sending samples to a commercial laboratory, however the samples were not analysed in time to ensure 
data quality so no results have been reported. 
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Chapter 4: Influence of peatland dissolved organic carbon (DOC) source on 
coagulation optimisation 
 
4.1. Introduction 
The dominant catchment vegetation type has been highlighted as a potential controlling factor on surface 
water DOC concentrations and DOC treatability, in terms of coagulation removal efficiency and DBP 
formation (Eikebrokk et al., 2004; Gough et al., 2012; Reckhow et al., 2007; Tang et al., 2013). Whilst the 
importance of the litter layer in peatland DOC flux to surface waters is recognised (Palmer et al., 2001; 
Tipping et al., 2010), little research has been conducted on the differences in treatability between litter DOC 
sources. Many studies in the literature have analysed litter leachate to assess at a small scale the 
contribution of different litter types to the overall DOC export to soils and surface waters (Chow et al., 2009; 
Cuss and Guéguen, 2013; Don and Kalbitz, 2005; Soong et al., 2014), however studies on peatland sources of 
DOC are lacking. These kinds of experiments are relevant due to predictions of vegetative change brought 
about by climate (Bragazza et al., 2015; Fenner et al., 2007; Weltzin et al., 2003) and catchment 
management programmes which seek to support Sphagnum by undoing previous peatland drainage (Grand-
Clement et al., 2013; Smith et al., 2014). Water treatment practitioners need to understand if these 
predicted and managed changes in catchment vegetation can be dealt with by optimisation of conventional 
surface water treatment processes (e.g. coagulation, flocculation, settling), which may incur operational 
costs due to increased coagulant usage and sludge production, or whether capital costs will be incurred if 
new treatment processes are required (e.g. membrane filtration, advanced oxidation). An experiment was 
therefore designed using litter and peat soil samples collected from Dartmoor National Park to determine: a) 
differences in coagulation removal and DBP formation between DOC sources, b) the coagulant dose and pH 
required for effective removal, and c) which UV and fluorescence indices may be useful to treatment 
practitioners in assessing DOC treatability. 
4.2.0 Methods 
The experimental methodology was based heavily on the US EPA ‘Enhanced Coagulation and Enhanced 
Precipitative Softening Guidance Manual’ (USEPA, 1999) as well as ASTM method 2035-08. In summary, the 
coagulant dose was optimised to the point of diminishing returns (a ‘practical’ optimum), at a fixed pH, and 
then pH was optimised at three values around this dose level. The DOC removal efficiency and chloroform 
formation potential were monitored as well as a number of UV and fluorescence indices. Iron concentration 
was also monitored, as this can interfere with UV measurements (Weishaar et al., 2003). 
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4.2.1 DOC sources and extraction 
Calluna, Sphagnum, Juncus, Molinia and a peat soil were collected in September 2014 from Dartmoor 
National Park at field sites close to Postbridge (50°6’N; 3°90’W) as described in section 3.1.0 of the methods 
chapter. The vegetation samples were collected, prepared and had DOC extracted from them as in section 
3.2.0 of the methods chapter. For the peat soil the experiment aimed to replicate DOC export from peat in 
its normal infield anoxic condition. To achieve this, the peat was sealed in an airtight bag on collection and 
kept in the dark at 4 oC until use, which was approximately four days later. This minimised oxidation of the 
peat, as only a small amount of the outer surface was exposed to air. As a result of not air-drying the peat, it 
was not possible to estimate a dry-weight used in the DOC extractions so no comparisons between the 
concentrations of DOC produced between different sources has been attempted for this experiment. 
All analyses were completed within four weeks of extraction so minimal mineralisation or microbial 
processing is expected to have occurred (Peacock et al., 2015). The filtered samples were then analysed for 
DOC concentration, UV and fluorescence properties, iron concentration, pH and DBP formation potential as 
described section 3.3.0 onwards in the Methods chapter. 
4.2.2 Coagulant and conditions 
Samples were diluted to approximately provide 350 ml of 4 mg l-1 DOC before jar testing was performed. 
NPOC content was measured for each diluted sample before and after jar testing. Ferric sulphate is known to 
remove more DOC than aluminium based coagulants over a greater range of molecular weights (Matilainen 
et al., 2005) and is commonly used in the water industry, so it was selected as the coagulant for this study. 
Preliminary work has shown that samples prepared with RO filtered water are very low in alkalinity and 
therefore addition of lime is required for pH buffering to facilitate floc formation and effective DOC removal. 
The USEPA enhanced coagulation guidance manual (USEPA, 1999) suggests for jar testing, ‘If the plant 
mixing intensities and durations are not known, use a rapid mix at 100 rpm for one minute, and flocculate at 
30 rpm for 30 minutes, followed by settling for one hour’. For broader applicability these suggested 
conditions have been used. After settling the samples were filtered using Whatman qualitative grade #2 
filter papers to remove the flocs before DOC analysis. This process produces water similar in quality to that 
which has undergone coagulation/flocculation followed by rapid gravity filtration at a full scale treatment 
works (Binnie and Kimber, 2009). 
4.2.3 Dosage and pH optimisation 
The point of diminishing return (PODR) of coagulant addition was determined by performing jar tests with 
ferric sulphate in concentrations from 10-80 mg l-1 in 10 mg l-1 steps. The PODR is defined as the point where 
adding an extra 10 l-1 removes less than 0.3 mg l-1 DOC (USEPA, 1999). The experiments were performed with 
74 
 
a target pH range between 5.3-5.7 with lime dosage increased with coagulant dosage to keep the sample pH 
in this range. The dose of lime required to achieve this was determined in preliminary work by titration. 
Once the PODR dosage was determined the pH was optimised at this value and at dosages ±5 mg l-1 of the 
PODR. 
The greatest DOC removal for ferric sulphate has been found in the pH range of 4.5-6.0 (Matilainen et al., 
2010) and so pH was tested in this range in 0.25 pH value increments. Lime dosage was varied to achieve the 
required pH at each of the three dosages. For both pH and dose optimisation two replicates were performed 
for each jar test. 
Once the optimal dose and pH was found for each DOC source, DOC removal, UV and fluorescence 
properties, residual Fe concentration and DBP formation were measured. For these analyses, three 
replicates per sample were performed as recommended by ASTM method 2035-08. Overall 80 jar tests were 
performed to find the PODRs, a further 180 for pH optimisation at three coagulant dosages for each source 
and 15 jar tests in the final analysis, giving a total of 275 individual tests. Analysis of dissolved organic 
nitrogen (DON) was attempted by sending samples to a collaborating laboratory, however due to instrument 
failure the samples could not be analysed within an adequate time to ensure data quality. 
4.3.0 Results 
4.3.1 Characterisation of starting DOC 
The results of the initial characterisation for pH, UV, fluorescence and DBP formation are shown in Table 9. 
Table 9: Initial characterisation of DOC extracted from different sources (mean values of two replicates) 
DOC 
source 
pH SUVA (L 
mg-1 m-1) 
Peak C/T Humification 
Index (HIX) 
Chloroform  
FP (µg mg-1) 
DCAN FP 
(µg mg-1) 
TCAN FP 
(µg mg-1) 
1,1,1-TCP  
(µg mg-1) 
Peat 5.82 8.70 2.07 0.83 569.4 1.2 3.1 3.4 
Sphagnum 4.69 2.60 2.81 0.76 223.0 0.8 0.9 1.7 
Juncus 5.68 1.72 1.04 0.72 172.8 1.2 1.1 1.9 
Molinia 5.20 4.79 0.93 0.50 278.3 0.3 1.1 1.0 
Calluna 5.12 1.07 0.62 0.22 378.6 0.2 0.3 1.0 
 
The DOC extracted from peat had much high aromaticity (SUVA value) than the vegetation sources and also 
a higher humification index (HIX), suggesting older and well humified material. The peat DOC also had a 
much higher chloroform FP which is to be expected of highly aromatic DOC sources (Bond et al., 2011a). The 
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ratio of humic-like to protein-like DOC was lower in the vascular plants than in Sphagnum and peat 
suggesting more of a microbial influence or less humification in these samples. All samples for the bulk DOC 
collected from different sources were below the iron concentration MDL of 0.05 mg l-1, which is to be 
expected for samples from ombrotrophic peatlands (Clark et al., 2011).  
4.3.2 Dose optimisation 
All samples were diluted to approximately 4 mg l-1 DOC before jar-testing. The percentage removals of DOC 
at the PODR dosage were in the order peat>Sphagnum>Juncus>Molinia>Calluna with all DOC sources giving 
diminishing returns at 30 mg l-1 except Calluna which showed diminishing returns at 20 mg l-1. Table 10 gives 
the DOC achieved for each of the DOC sources and Figure 6 shows the removal at each dosage tested. 
Table 10: Dosage at PODR and corresponding removal (± one standard error) 
DOC source PODR 
(mg l-1) 
Removal  
(%) 
Peat 30 79.9 ±0.1 
Sphagnum 30 67.6 ±0.7 
Juncus 30 50.3 ±0.1 
Molinia 30 38.8 ±2.1 
Calluna 20 36.2 ±0.9 
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Figure 6: DOC removal with ferric sulphate dose for DOC sources (error bars at one standard error) 
4.3.3 pH optimisation 
Each DOC source showed relatively stable removal across a pH range of 4.5-5.75, with slightly lower removal 
at pH 6, possibly due to poorer colloid charge neutralisation at the higher pH. Three dosages were tested 
during the pH optimisation with the PODR chosen as a midpoint and values ± 5 mg l-1 also tested. Figure 7 
shows graphs of DOC removal for pH ranges for each DOC source. 
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Figure 7: DOC removal for different sources across a pH range of 4.5 to 6 (error bars at one standard error). 
Separate lines on each graph indicates the PODR dosages and ±5 mg l-1 
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4.3.4 Optimised dosage and pH 
Final tests were performed with three replicates for each source diluted to 4 mg l-1 using the PODR and 
optimal pH found in the previous experiments; results for DOC removal, residual Fe and specific chloroform 
potential are given in Table 11. 
Table 11: Treatment parameters for fully optimised coagulation of DOC sources (± one standard error) 
DOC 
source 
DOC 
removal 
 (%) 
Residual Fe 
(mg l-1) 
Specific 
chloroform FP 
(µg mg-1) 
Removal of 
chloroform FP 
(%) 
DCAN FP  
(µg mg-1) 
TCAN FP 
(µg mg-1) 
1,1,1-TCP 
formation 
(µg mg-1) 
Peat 83.4 ± 0.4 0.29 ± 0.06 66.7 ± 3.5 88.3 ± 0.6 0.2 ± 0.06 0.1 ± 0.07 3.1 ± 0.70 
Sphagnum 64.1 ± 2.0 0.28 ± 0.06 75.9 ± 4.3 65.9 ± 1.9 0.3 ± 0.04 0.2 ± 0.20 1.9 ± 0.24 
Juncus 55.9 ± 1.4 0.15 ± 0.06 61.8 ± 1.6 64.2 ± 0.9 0.7 ± 0.05 1.1 ± 0.36 1.0 ± 0.07 
Molinia 40.7 ± 0.6 0.99 ± 0.30 50.1 ± 2.3 82.0 ± 0.8 0.6 ± 0.14 0.2 ± 0.02 1.1 ± 0.10 
Calluna 34.1 ± 0.4 1.22 ± 0.21 165.0 ± 6.9 56.4 ± 1.8 Below MDL 0.2 ± 0.09 0.4 ± 0.05 
 
The source significantly affected both removal (ANOVA p<0.001), which was log transformed to deal with 
inhomogeneity of variance, and specific chloroform formation potential (FP) (ANOVA p<0.001). A Tukey HSD 
test suggested that for DOC removal efficiency the sources could be grouped into four statistical subsets 
with similar means with group 1 (peat)> group 2 (Sphagnum, Juncus) > group 3 (Molinia) > group 4 (Calluna). 
For specific chloroform FP the Tukey test suggested three groups with similar means with group 1 (Calluna)> 
group 2 (peat, Sphagnum, Juncus)> group 3 (Juncus, Molinia). Percentage removal of chloroform FP was 
greater than that of bulk DOC for all samples, suggesting preferential removal of DBP precursors by 
coagulation/flocculation with ferric sulphate. No brominated DBPs were detected due to the lack of bromide 
in the RO water used to extract DOC from the vegetation and peat samples and therefore no incorporation 
of bromine in the DBPs. The HAN formation potential broadly agrees with literature occurrence values in 
treated water at around 1 µg L-1 (Bond et al., 2011b), given that the results shown are normalised per mg 
DOC. 
When considering the combined effect of DOC removal and chloroform FP, the greater removal for peat and 
Sphagnum balanced the higher formation potential, whereas the poor removal of Molinia would mean an 
overall higher chloroform formation. Using these two measures combined would suggest that DOC from a 
single source would form chloroform concentrations in the order Calluna>Molinia>Juncus>Sphagnum>peat 
when treated by coagulation, flocculation, settling and filtration before chlorination. 
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Data obtained from Welsh Water for jar testing performed to optimise treatment works suggest residual Fe 
is normally in the range of 0.1-0.4 mg l-1 before any further treatment occurs, suggesting peat, Sphagnum 
and Juncus are well optimised for low residual Fe whereas Molinia and Calluna are likely to result in higher 
Fe concentrations than normal operation in the water industry. UV data was adjusted for Fe interference 
using the correction derived in Weishaar et al. (2003), however this was minimal at the Fe concentrations 
observed. 
4.3.5 Correlations between DOC quality parameters and treatment outcomes 
Both UV absorption and fluorescence indices were tested for their ability to predict DOC removal and DBP 
formation potential and removal; the results are shown in Table 12. 
Table 12: Correlations between DOC quality parameters and disinfection by-product formation 
Outcome Predictor Coefficient p value 
DOC removal Peak C/T 0.971 <0.001 
HIX 0.971 <0.001 
Specific Peak C 0.873 <0.001 
Chloroform FP 
removal 
SUVA 0.949 <0.001 
E2:E4 -0.917 <0.001 
Post-coagulation 
TCAN FP 
Peak T 0.767 0.001 
Peak C 0.557 0.039 
 
DOC removal correlated very well with the peak C/T fluorescence ratio, the humification index and specific 
peak C. These indices are measuring fairly similar properties as HIX and peak C are related to the proportion 
of humic-like fluorophores in the sample and the C/T ratio relates the amount of humic-like fluorophores to 
the protein-like fluorophores. Humic compounds tend to be high molecular weight, with high aromatic 
content and as such are well removed by coagulation/flocculation processes (Bond et al., 2011a; Matilainen 
et al., 2010). Protein-like fluorophores have been linked to DOC which are harder to remove by coagulation 
and therefore the ratio of peak C/T suggests the proportion of easily removed vs. difficult to remove DOC 
(Bieroza et al., 2009, 2010). A graph of DOC removal compared to peak C/T is shown in Figure 8 with the 
three replicates per DOC source shown as individual points in the figure. 
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Figure 8: DOC removal versus pre-coagulation peak C/T fluorescence ratio (Spearman’s ρ=0.971, p value 
<0.001) 
The removal of chloroform precursors showed a good correlation with the SUVA value, which is to be 
expected, as high SUVA values have been linked to both effective DOC removal and DBP formation (Bond et 
al., 2011a). This relationship is shown in Figure 9. The E2:E4 UV index correlated negatively with chloroform 
removal. This index is often suggested to be a measure of humification with low numbers indicating a high 
proportion of humic compounds (Zepp and Schlotzhauer, 1981). This negative correlation would therefore fit 
with literature, since aromatic compounds represent a large proportion of DBP formation potential (Bond et 
al., 2011a). The other ‘E ratios’ (e.g. E2:E3, E4:6) did not correlate with any of the treatment parameters, 
adding to the previous suggestion in the literature that these ratios may not be applicable to freshwater 
samples (Peacock et al., 2015; Peuravuori and Pihlaja, 1997) and that caution should be used as the exact 
compounds responsible for the UV properties are not known (Stedmon and Álvarex-Salgado, 2011). 
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Figure 9: Removal of chloroform formation potential verses pre-coagulation SUVA at 254 nm (Spearman’s 
ρ=0.949, p value <0.001) 
No correlations were found with the UV and fluorescence indices for post-coagulation specific chloroform or 
DCAN formation potential. Correlations were found amongst the DBP classes as chloroform formation 
potential correlated negatively with 1,1,1-TCP formation potential (Spearman’s ρ= -0.607, p value= 0.016) 
which is expected as 1,1,1-TCP is a precursor to chloroform (Gurol et al., 1983) so the more complete the 
conversion to chloroform the less 1,1,1-TCP should be remaining. Chloroform formation potential also 
negatively correlated with DCAN formation potential (Spearman’s ρ= -0.778, p value= 0.001) suggesting 
samples with higher C-DBP precursors have lower proportions of nitrogen-containing DBP (N-DBP) 
precursors. The formation of TCAN correlated to both peak T and peak C fluorescence indices (see Table 12) 
with peak T having the strongest correlation.  
4.4. Discussion 
All the results were within ranges reported in the literature for coagulation/flocculation of surface waters 
with ferric sulphate (Matilainen et al., 2010, 2005) and coagulation performance was stable across a 
reasonably wide pH range of 4.5-5.75. Large variation, however, was observed in the optimised removal 
efficiency of the different peatland sources of DOC. Peat soils have often been highlighted in the literature as 
being a significant source of high SUVA, well-humified DOC (Billett et al., 2006; Clark et al., 2007; Hope et al., 
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1997). Results from the initial characterisation confirm this, as values indicative of highly humified, high 
aromaticity DOC with low autochonous influence were observed for the UV and fluorescence indices (SUVA, 
peak C/T, HIX and E2:E4). This translated into very good removal by coagulation/flocculation and a large 
reduction in chloroform formation potential, suggesting that although peat soils can add a significant 
amount of DOC to surface waters, this can be removed effectively by coagulation, flocculation and settling. 
Sphagnum is considered a key peat-forming species due to the recalcitrance of its litter (van Breemen, 1995) 
and as such it is currently supported by catchment management programmes (Grand-Clement et al., 2013), 
in an attempt to arrest the decline in its abundance since the Industrial Revolution (Blundell and Holden, 
2015; McCarroll et al., 2015). These results provide evidence for the support of Sphagnum for drinking water 
provision ecosystem service purposes, as besides peat soil it exhibited the highest DOC removal. The UV and 
fluorescence measures suggest this is due to the low influence from protein-like DOC and a highly humified 
character. The SUVA value of Sphagnum was lower than that of Molinia, which suggests this parameter 
(SUVA) may not be the best indicator of DOC removal. A downside to supporting Sphagnum prevalence and 
peat formation is that the DOC derived from these sources still had a relatively high chloroform formation 
potential, although Calluna was considerably higher and only Molinia was significantly lower in this regard. 
The vascular plants Molinia and Calluna proved to be the most poorly removed by 
coagulation/flocculation/settling, which is of concern because Molinia has increased in prevalence in many 
upland catchments (Chambers, 1999) and Calluna is actively encouraged in many parts of the UK for 
gamekeeping purposes (Holden et al., 2007). The very poor removal of DOC arising from Calluna gave rise to 
a high chloroform formation potential, which may present a challenge for regulatory compliance in 
catchments where Calluna dominance is increasing. Molinia had the lowest chloroform formation potential 
despite relatively poor DOC removal. This may suggest that DBP formation may not be the greatest issue 
threatening catchments where Molinia is becoming the dominant vegetation, but perhaps other issues 
associated with DOC in treated waters (colour, taste, odour or biological growth) may be more important. 
Juncus removal was not significantly different to Sphagnum and the chloroform formation potential was also 
similar, so increased Juncus DOC in surface waters may not present an issue to water treatment works 
except in terms of differing quality parameters. 
Fluorescence proved to be the most successful tool in predicting DOC removal, with peak C/T, HIX and 
specific peak C all showing strong correlations. These are consistent with previous reports (Bieroza et al., 
2009, 2010; Gone et al., 2009; Sanchez et al., 2013) and with known mechanisms of high molecular weight, 
aromatic and humic-like DOC being preferentially removed by coagulation/flocculation/settling (Matilainen 
et al., 2010). SUVA was an effective predictor of the removal of chloroform formation potential, again 
agreeing with ideas that aromatic/phenolic compounds act as THM precursors (Bond et al., 2011a). 
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Correlations between UV/fluorescence indices and chloroform formation have been reported (Johnstone et 
al., 2009; Weishaar et al., 2003; Yang et al., 2008) but were not observed in this study. This may be due 
either to the fact that litter/soil leachates were used, rather than surface waters, or simply the low number 
of samples (five) meant the tests lacked adequate statistical power. The latter suggestion may be relevant 
given the considerable scatter observed in UV-DBP correlations when using surface waters (Weishaar et al., 
2003). A correlation was observed between the peak T fluorecence measure, commonly described as 
protein-like, and TCAN formation potential, which may be explained by TCAN precursors being amino acids 
and proteins which may fluoresce in this region. 
These results concern DOC produced from the litter layer and the upper peat profile, areas known to be 
significant in DOC flux to surface waters (Evans et al., 2007; Ledesma et al., 2015; Palmer et al., 2010; Tipping 
et al., 2010). It is important to note, however, that many biogeochemical processes can occur between DOC 
leaching and flux to surface waters (Kalbitz et al., 2000b), and that mineralisation and transformation of DOC 
can occur by both biotic and abiotic routes (Moody et al., 2013). Transformations which occur within the 
catchment can lead to a level of homegeniety between different DOC sources if exposed to to microbial and 
photodegradation; Rossel et al., (2013) found 48% of compounds were identical when comparing marine 
DOC and a sample extracted from Juncus effusus which had been exposed to sunlight with an active 
microbial community for 1.25 years. These results are therefore perhaps most applicable to catchments 
where DOC has shorter surface water residence times, such as where WTWs abstract from rivers rather than 
reservoirs, as is the case in the areas of Dartmoor National Park where vegetation and soil sampling 
occurred. Residence times in UK reservoirs range from tens to hundreds of days (Naomi Willis, Welsh Water, 
personal communication) and therefore significant processing, as in the work of Rossel et al. (2013) is likely 
to occur. 
4.5. Summary of principal findings 
These results provide strong evidence in favour of Sphagnum as a dominant vegetation and conditions 
favourable to peat formation, as both of these sources of DOC in upland surface waters are well removed by 
ferric sulphate coagulation, flocculation and settling. A high chloroform formation potential was observed 
for peat and Sphagnum DOC, which presents a disadvantage to catchment management which increases 
Sphagnum dominance. The results from the vascular plant species suggest that encroachment of Molinia 
and Calluna, facilitated by either climate change or management practices, will result in DOC which is much 
more difficult to remove by conventional water treatment. Although Molinia DOC is difficult to remove, the 
chloroform formation potential is the lowest in this study, suggesting chloroform formation may be less of a 
concern in catchments where Molinia is dominant. The results for Juncus showed little difference to 
Sphagnum and so may be less of a concern for vegetative change in the future, at least from a drinking water 
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provision perspective. Taken together, these results suggest that catchment management programmes that 
facilitate peat formation and Sphagnum dominance are justified in terms of ease of removal of DOC which 
balances their higher chloroform formation potential. Encroachment of vascular plants into Sphagnum bogs 
will introduce DOC sources which are poorly removed by coagulation, flocculation, settling and rapid gravity 
filtration and therefore may require alternative treatment processes. 
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Chapter 5: Simulated climate change impact on summer dissolved organic 
carbon release from peat and surface vegetation: Implications for drinking 
water treatment 
 
5.1. Introduction 
Dissolved organic carbon (DOC) is of interest as it is a major flux of carbon from catchments, particularly in 
parts of the UK where organic-rich peat soils create a large reserve (Billett et al., 2010; Grand-Clement et al., 
2014b). DOC is also of interest to water utilities as it imparts taste, colour and odour. When present during 
chlorination, DOC can form disinfection by-products (DBPs) (Rook, 1974) which are a potential concern to 
human health (Nieuwenhuijsen et al., 2009). In England and Wales trihalomethanes (THMs), a class of DBPs, 
are regulated at a maximum of 100 µg l-1 in drinking water (DWI, 2010), however numerous other classes 
have been identified which may pose a threat to human health at the levels observed in treated waters over 
long exposure periods (Richardson et al., 2007). 
Increasing DOC concentrations in surface waters have been observed across parts of North America and 
northern Europe since the 1980s (Eikebrokk et al., 2004; Eimers et al., 2007; Evans et al., 2005; Freeman et 
al., 2001a; Monteith et al., 2007). This trend has been attributed to a number of possible causes including 
catchment recovery from acidification following the introduction of air pollution controls (Evans et al., 2006; 
Evans et al., 2011; Monteith et al., 2007), changes in precipitation (Hongve et al., 2004; Lepistö et al., 2008), 
and increases in temperature and CO2 due to climate change (Freeman et al., 2004, 2001a). Recent evidence 
suggests that the decline in sulphate and non-marine chloride deposition may be the most important cause 
in catchments which have been acidified (Evans et al., 2012; SanClements et al., 2012). As acidic deposition 
approaches background levels, climate change may become a more dominant factor (Clark et al., 2010), 
although soil and surface water chemistry may be slow to recover from acidification (Akselsson et al., 2013).  
The effect of climate change on DOC will be varied, as a number of biogeochemical mechanisms alter the 
production, transport and cycling of DOC within the catchment (Ritson et al., 2014b). The vegetative source 
of DOC is significant because radiocarbon studies have suggested that the majority of DOC in surface waters 
has recently entered the system and therefore most likely originates from decaying litter and the upper soil 
horizons (Palmer et al., 2010; Tipping et al., 2010).  
The role of vegetation in DOC production is of further interest, as a number of schemes in the UK have 
aimed to reverse damage to peatlands caused by artificial drainage, burning, acidification and erosion. The 
restoration of ecosystem services in peatlands has been undertaken for biodiversity, water quality, carbon 
storage and cultural service reasons and in many cases includes the (re)establishment of Sphagnum Spp. as 
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one of the goals (Grand-Clement et al., 2013; Lunt et al., 2010). Further evidence in support of the 
management of vegetation is needed, particularly in terms of specific water treatment outcomes as opposed 
to simple DOC concentration measurements. 
As well as the quantity of DOC produced, its treatability, in terms of amenability to removal and propensity 
to form DBPs, is also of interest, as some studies have found this to have changed over time (Worrall and 
Burt, 2009). Treatment of surface waters for DOC removal in the UK commonly consists of coagulation using 
a metal salt in conjunction with settling (or flotation) and filtration steps before chlorine/chloramine is used 
as a disinfectant. It may be possible to optimise these processes in response to dynamic changes in raw 
water quality through the use of online measurements of SUVA (specific ultraviolet absorbance at 254 nm) 
or fluorescence, as these techniques can give information on the treatability of DOC (Bridgeman et al., 
2011b; Weishaar et al., 2003). 
How climate change will affect DOC production from vegetation is currently unclear. Previous work (Tang et 
al., 2013) provided preliminary information in this area but was limited as it did not monitor DBP formation 
(only coagulation performance), and it only considered a mixed litter and peat soil rather than individual 
vegetation types. The investigation described in this paper extends the previous scope by conducting a 
longer climate simulation with three different sources of DOC (Calluna Vulgaris, Sphagnum Spp. and a peat 
soil). Also investigated are the effects of climate and source on a wide range of water quality parameters 
including fluorescence signature, chlorine demand and carbonaceous and nitrogenous DBP (N-DBP) 
formation.  
The objectives of this research were therefore to: a) assess the influence of DOC source versus temperature 
and rainfall and thus the importance of different climate change drivers on DOC treatability; and b) examine 
the utility of fluorescence spectroscopy and UV absorbance techniques for water treatment optimisation. 
This was expected to inform and develop the evidence base for vegetation management for water quality in 
peatland dominated systems. This builds on research in the USA (Reckhow et al., 2007) and suggestions of 
forest management for water quality in northern Europe (Eikebrokk et al., 2004). Climate simulations were 
performed to compare baseline production and leaching of DOC from different DOC sources to that under 
future UK temperature and rainfall projections taken from the UKCP09 2080s high emissions scenario 
(Jenkins et al., 2009b). 
5.2.0 Methods 
5.2.1 Field site and sample collection 
Samples were collected from two sites in Exmoor National Park, UK, which were Aclands (51º 07'54.2’’ N 3º 
48'43.3’’ W) at approximately 450 m elevation and Spooners (51º 07'23.3’’ N 3º 45'11.8’’ W) at 
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approximately 400 m elevation. MIRES project (Arnott, 2010) sites on Exmoor were chosen as this has been 
highlighted as a marginal peatland area which may be vulnerable to climate change (Clark et al., 2010). 
Further details of the site vegetation, soils and climate can be found in the Methods chapter. 
Samples were collected on 2/7/13 with vegetation cut from living stands of Sphagnum Spp. and Calluna 
whilst surface peat samples were taken using a screw auger. All samples were shipped from the site in 
chilled containers to the University of Reading, UK and stored at 4oC before use.  
5.2.2 Experimental Design 
The vegetation and soil groups were homogenised by hand and placed in sample holders in a climate control 
chamber and randomly assigned a treatment in a 3x2x2 factorial design. Factors were DOC source (peat, 
Sphagnum and Calluna), temperature (baseline and UKCP09) and rainfall amount (baseline and UKCP09) 
with five replicates for each treatment, giving 60 samples in total. Baseline values of temperature and 
rainfall for 1961-1990 were obtained from the 25 km gridded UKCP09 observation dataset (Jenkins et al., 
2008) and projected changes applied for the high emission 2080s scenario (50% probability threshold) based 
on the average of 10,000 model runs for the anomaly from observed data for the same area (grid square ID 
1570). This scenario was chosen as it is within the range of likely climate projections for the UK and has 
temperature and rainfall changes of large enough magnitude to expect an effect on litter degradation. As 
this is a ‘high emissions’ scenario, it must be noted that is this is in the upper range of possible outcomes. 
The values used are shown in Table 13. 
Table 13: Baseline (1961-1990) and future (UKCP09 2080s high emissions scenario 50 % probability level) mean daily 
maximum and minimum temperatures and mean precipitation in July and August for Exmoor National Park, UK 
 Mean daily maximum 
temperature (°C) 
Mean daily minimum 
temperature (°C) 
Mean monthly 
precipitation (mm) 
Baseline UKCP09 Baseline UKCP09 Baseline UKCP09 
July 18.2 23.7 10.9 15.5 100.9 75.4 
August 18.1 23.6 11.0 15.2 117.5 67.2 
 
5.2.3 Experimental procedure and laboratory methods 
Approximately 2 g dry-weight of air-dried vegetation samples and 10g dry-weight of the homogenised peat 
were placed in 7 cm Buchner funnels. The spout of the funnel was packed with acid-rinsed glass wool to 
ensure no vegetation could pass through. The funnels were then fitted into 500 ml amber-glass bottles used 
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to collect leachate as simulated rainfall passed through the sample. Different weights were used for 
vegetation and peat to ensure a similar surface area of sample in the holder so that the simulated rainfall 
would make contact with the same area of sample.  
The funnels containing the samples were placed in two environmental test chambers (Panasonic MLR-352H) 
which were programmed to cycle through the daily minimum and maximum temperature with 12 h at each 
temperature for two-months. Values are shown in Table 13 for July and August. Daytime relative humidity 
(RH) was set at 80% for July and 82% for August based on mean daily values for the period 1961-90 derived 
from the Met Office UKCP09 5 km gridded observation data set. Temperature and RH were recorded at 5 
min intervals for quality assurance using two-channel data loggers (Tinytag, Gemini Data Loggers, UK). 
Rainfall events were simulated by applying the required amount of deionised water as per Table 13 using 
baseline values of 12 rainfall events in July and 14 in August. The simulated rainfall was applied using a 
dispenser set to the required volume. Care was taken to cover the entire area of the sample holder and to 
not disturb the sample.  
DOC leachate which passed through the sample was collected throughout the experiment. The leachate 
analysed at the end of the experiment was therefore a mixture of older DOC solubilised in the first weeks 
and fresher material from the most recent rainfall events. Photolytic degradation of the DOC is likely to have 
been minimal because of storage in amber-glass bottles, which are opaque to UV, throughout the simulation 
and subsequent analysis. 
Samples were analysed for UV and fluorescence properties before coagulation/flocculation with ferric 
sulphate and DBP formation potential tests. Details of these methods, including method detection limits, can 
be found in the Methods chapter under the UV, fluorescence, coagulation and DBP formation headings. 
Jar testing occurred using 350 ml of sample diluted to approximately 4 mgC l-1 to be more realistic in terms of 
the concentrations experienced at UK WTWs. Preliminary work suggested the following coagulation 
parameters to be optimal for DOC leachate from similar samples: pH 6, 30 mg l-1 ferric sulphate dosed with 
30 mg l-1 calcium hydroxide during a flash mix of 1 min at 175 rpm followed by a slow mix of 30 min at 60 
rpm before settling for 1 h. After settling, the sample was filtered by Whatman qualitative grade 2 filters to 
remove the remaining flocs. 
Sub-samples of the starting vegetation were analysed for carbon and nitrogen content (five replicates) as 
well as by nuclear magnetic resonance spectroscopy (NMR).  
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5.2.4 Data analysis and statistical methods 
Statistical analysis was performed in the open source programming language, R, and SPSS version 21 (IBM). 
A Fligner-Kileen test for homogeneity of variance was performed on each group (DOC source, temperature, 
rainfall) and each of the independent variables (DOC leached, SUVA, coagulation removal efficiency, residual 
SUVA, chlorine demand and chloroform, DCAN, TCAN, TCNM and 1,1,1-TCP formation). DOC and SUVA 
proved to be heteroscedastic, so a log10 transformation was applied. This allowed all of the variables to be 
treated using a factorial ANOVA with a Tukey post-hoc correction and interactive effects were followed up 
using multiple one-way ANOVAs with a Holm-Šidák correction to control the inflation of type one error 
(Holm, 1979; Šidák, 1967).  
5.3.0 Results 
For each treatment the largest effect sizes were observed for the DOC source. This suggests that the source 
of DOC is more important than the prevailing climate, at least at the temporal, temperature and rainfall 
scales observed in this experiment (Table 14). Also of interest is that no climate treatment effects were 
observed for either DBP class, indicating any variation because of climate was too small to be detected post-
treatment 
90 
 
Table 14: The p-values from factorial ANOVA (significant values have been highlighted in bold and displayed with ω2 estimates of effect size in brackets) 
 
 
 
Factor 
Variable Log DOC 
produced 
(mg g−1) 
Log SUVA 
(L mg−1 
m−1) 
DOC 
removal 
(%) 
Chlorine 
demand (mgCl 
mgC−1) 
Residual 
SUVA 
(L mg−1 
m−1) 
Specific 
CHCl3 (µg 
mg−1) 
Specific 
DCAN  
(µg mg−1) 
Specific 
TCAN  
(µg 
mg−1) 
Specific 
TCNM  
(µg mg−1) 
Specific 
1,1,1-TCP  
(µg mg−1) 
DOC source <0.001 
(0.752) 
0.004 
(0.094) 
0.001  
(0.190) 
<0.001 (0.635) 0.009 
(0.095) 
<0.001 
(0.260) 
0.003 
(0.316) 
0.968 0.419 0.243 
Temperature 0.005 
(0.011) 
0.692 0.541 0.094 <0.001 
(0.173) 
0.149 0.814 0.884 0.103 0.004 
(0.129) 
Rainfall 0.025 
(0.006) 
0.300 0.003 
(0.112) 
0.015 (0.027) 0.140 0.360 0.137 0.813 0.516 0.994 
DOC source* 
temperature 
0.814 0.032 
(0.152) 
0.791 0.262 0.105 0.181 0.590 0.348 0.914 0.410 
DOC source*rainfall <0.001 
(0.026) 
0.417 0.865 0.022 (0.031) 0.079 0.472 0.479 0.293 0.886 0.899 
Temperature*rainfall 0.843 0.950 0.184 0.792 0.770 0.449 0.864 0.443 0.249 0.273 
DOC source* 
temperature*rainfall 
0.022 
(0.009) 
0.903 0.621 0.551 0.838 0.489 0.368 0.017 
(0.108) 
0.741 0.996 
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5.3.1 DOC leaching 
The temperature and rainfall treatments significantly affected the sample volume collected, so the 
absolute value of mg DOC per g dry weight of sample has been used instead of concentration. Mean 
values for the DOC sources were 7.17, 3.00 and 0.37 mg g−1 for Calluna, Sphagnum and peat, 
respectively. Mean DOC leaching values for the two temperature treatments (all sources) were 4.06 
for the baseline and 2.96 mg g−1 for the UKCP09 prediction, whilst mean values for the rainfall 
treatments were 3.20 for baseline and 3.82 mg g−1 for the UKCP09 prediction.  
Interaction effects were noted between the DOC source and rainfall (Figure 10) which was followed 
up with a one-way ANOVA with a Holm-Šidák correction. This suggested that the effect of rainfall on 
DOC production was significant for Sphagnum (p<0.001, ω2=0.510) and Calluna (p=0.021, ω2=0.213) 
but not for peat (p=0.060). The mean DOC leached for Calluna increased from 5.25 under baseline 
conditions to 9.09 mg g−1 for future rainfall. The effect was reversed for Sphagnum which had a 
baseline value of 3.89 and 2.11 mg g−1 for the future rainfall condition. A weak interactive effect 
between source*temperature*rainfall was present (Table 14), which is why Calluna baseline values 
are different for the temperature and rainfall factors in Figure 10. This interaction would also 
suggest that Calluna decomposition is more sensitive to perturbation in climate than the other DOC 
sources. 
 
92 
 
 
Figure 10: Interactive effects between DOC source and rainfall/temperature for drinking water treatment 
properties (error bars at one standard error). SUVA is the pre-coagulation value. 
 
5.3.2 SUVA 
Mean values of SUVA for the DOC sources were 3.82, 3.53 and 3.09 L mg−1 m−1 for Calluna, 
Sphagnum and peat with a Tukey HSD test suggesting Calluna and Sphagnum have statistically 
similar means but both are significantly different than peat (p = 0.009). An interactive effect 
between DOC source and temperature was noted and is shown in Figure 10. This effect was assessed 
using a one-way ANOVA with a Holm-Šidák correction which suggested that a significant interaction 
existed for Sphagnum (p=0.008, ω2=0.287), but not for Calluna, nor peat (p=0.062 and 0.185, 
respectively). 
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5.3.3 DOC removal 
Mean values for DOC removal were 57.8, 50.1 and 41.1% for Calluna, Sphagnum and peat, 
respectively, with a Tukey HSD test suggesting Sphagnum and peat have statistically similar means, 
but they are significantly different than Calluna (p =0.001). Mean values for percentage DOC removal 
for the rainfall treatments were 44.4 and 54.8% for the baseline and UKCP09, respectively. 
5.3.4 Residual SUVA 
The mean SUVA values after coagulation were 1.49, 1.79 and 1.34 L mg−1 m−1 for Calluna, Sphagnum 
and peat, respectively, with significant differences, indicated by a Tukey HSD test, between peat and 
the other DOC sources (p = 0.009), but not between Calluna and Sphagnum. The mean residual 
SUVA values were 1.31 for the baseline temperature condition and 1.77 L mg−1 m−1 for UKCP09. 
5.3.5 Specific chlorine demand 
Mean values for specific chlorine demand (mg Cl consumed per mg DOC) were 1.75, 3.82 and 2.42 
for Calluna, Sphagnum and peat with all DOC sources having significantly different means (p = 
<0.001). The means for the rainfall treatments were 2.47 and 2.86 mgCl mgC−1 for baseline and 
UKCP09 treatments, with an interactive effect noted between DOC source and rainfall treatments 
(Figure 10). A one-way ANOVA suggested that this interactive effect was only significant for 
Sphagnum (p=0.002, ω2=0.364), but not Calluna nor peat (p=0.365 and 0.906 respectively). 
5.3.6 Specific DBP formation 
The specific chloroform formation potential had mean values of 54.7, 50.0 and 37.1 µg mgC−1 for 
Calluna, Sphagnum and peat with a Tukey HSD test suggesting Calluna and Sphagnum were not 
significantly different, but both were different from peat (p = <0.001). Specific DCAN had mean 
values of 8.9, 11.8 and 8.4 µg mgC−1 for Calluna, Sphagnum and peat with a Tukey HSD test 
suggesting Calluna and peat have the same mean whereas Sphagnum was significantly different 
than both of the other classes (p <0.001). The overall mean for specific TCAN formation potential 
was 0.5 µg mgC−1 with no significant effects for the main treatments but an interactive effect noted 
between DOC source, temperature and rainfall. No significant treatment effects were observed for 
TCNM formation potential. The mean value for all DOC samples was 3.82 µg mgC−1. For 1,1,1-TCP 
formation a significant treatment effect was noted for temperature with the baseline condition 
having a mean formation potential of 3.4 whereas the UKCP09 treatment was 4.9 µg mgC−1. 
5.3.7 Predictors of treatment efficacy 
The DOC concentration at chlorination was a reasonable predictor of the formation of chloroform 
and DCAN (Spearman’s  = 0.68, p <0.001 and  =0.56, p <0.001 respectively). The lack of a better 
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correlation, however, would suggest a difference in the reactivity of the samples which was not 
captured in the DOC concentration value. UV and fluorescence spectroscopy techniques are of 
interest as they can be employed as on-line analysis tools and thus offer optimisation information in 
real time. 
In our study SUVA proved to be the most effective predictor of chloroform and DCAN formation 
potential other than DOC concentration, with fluorescence indices slightly less effective but still 
showing reasonable correlations, broadly agreeing with the literature (Beggs et al., 2013). For the 
fluorescence spectroscopy data peak C (a humic-like peak) and peak T (a tryptophan-like peak) were 
tested for correlations with treatment outcomes. Table 15 gives an overview of the UV and 
fluorescence indices investigated. 
Table 15: Spearman’s rank coefficient for treatment outcomes and their potential predictors (for each 
treatment outcome the optical indices have been ranked by their correlation coefficients and the most 
effective highlighted in bold) 
Treatment Variable Predictor Correlation coefficient p value 
DOC removal (%) Pre-coagulation SUVA 0.335 0.009 
Pre-coagulation specific 
peak C 
-0.359 0.032 
Pre-coagulation peak C -0.377 0.023 
Pre-coagulation peak 
C/peak T 
0.535 <0.001 
Specific chlorine demand 
(mgCl mgC-1) 
Post-coagulation SUVA 0.423 0.001 
Post-coagulation peak C 0.431 0.003 
Post-coagulation specific 
peak C 
0.454 0.002 
Specific chloroform 
formation potential (µg 
mg-1) 
Pre-coagulation SUVA 0.472 <0.001 
Post-coagulation SUVA 0.550 <0.001 
Specific DCAN formation 
potential (µg mg l-1) 
Pre-coagulation SUVA 0.401 0.001 
Post-coagulation peak T 0.410 0.005 
Post-coagulation Specific 
Peak C 
0.449 0.002 
Post-coagulation SUVA 0.558 <0.001 
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Specific peak C (peak C normalised to concentration) proved to be the best predictor of chlorine 
demand. SUVA also correlated with chlorine demand as well as chloroform formation potential. Peak 
C showed a negative correlation with DOC removal which seems counter-intuitive given that peak C 
is caused by humic compounds which are known to be relatively easy to remove via coagulation 
(Bond et al., 2011a). Visual inspection of the EEMs, however, suggests that some samples with high 
peak C values also had high fluorescence in other areas meaning this index of humic fluorescence 
was not giving an accurate picture of DOC character. Consequently, an index considering both humic 
and protein-like fluorescence was adopted; this is the ratio of peak C to peak T. 
The peak C/T fluorescence correlated with DOC removal (Spearman’s  = 0.54, p <0.001) meaning 
that when the peak C/T was high (e.g. low contribution from proteinaceous DOC) good DOC removal 
via conventional treatment (coagulation, flocculation, settling, filtration) was observed. The peak C/T 
ratio was explored further by performing a factorial ANOVA on the log- transformed data using the 
same factors as the previous ANOVA analysis. The resulting p-values are displayed in Table 16 
(significant values have been highlighted in bold and displayed with ω2 estimate of effect size in 
brackets). 
Table 16: Factorial ANOVA of peak C/T for the three experimental factors 
Factor Log peak C/T 
DOC source <0.001 (0.620) 
Temperature 0.135 
Rainfall <0.001 (0.054) 
DOC source* temperature 0.002 (0.038)  
DOC source*rainfall <0.001 (0.099) 
Temperature*rainfall 0.060 
DOC source* temperature*rainfall 0.447 
 
The DOC sources had mean peak C/T values of 23.92, 14.51 and 5.23 for Calluna, Sphagnum and 
peat, respectively, with a Tukey HSD post-hoc test suggesting all three have different means. The 
rainfall treatment gave means of 10.59 and 18.51 for the baseline, and UKCP09 condition, 
respectively. These results agree with the findings for coagulation removal efficiency which gave 
removal % in the order Calluna>Sphagnum>peat and found that the UKCP09 rainfall treatment gave 
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better removal than the baseline. Figure 11 illustrates this by showing the removal % against peak 
C/T with the different DOC sources highlighted. 
 
 
Figure 11: The variation in DOC removal by coagulation/flocculation/sedimentation and filtration with pre-
coagulation fluorescence peak C/T (Spearman’s  = 0.54, p <0.001) for three DOC sources 
5.3.8 C:N and NMR analysis of starting material 
The results of the C:N analysis are shown in Table 17. The peat soil had a high % nitrogen and a low 
C:N which agrees with previous suggestions of the preservation of protein compounds in peat 
(Kalbitz and Geyer, 2002), especially as the peat N content is higher than Sphagnum and Calluna, 
which is the vegetation the peat is likely to be formed from. The lower C:N and higher DOC 
production of Calluna agrees with the use of C:N as a predictor of extractable DOC from litter (Soong 
et al., 2014), however this does not appear to hold for peat soils.  
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Table 17: % carbon, nitrogen and C:N for the starting material, mean of five replicates ± one standard error 
Sample C (%) N (%) C:N  
Calluna 49.3 ±0.02 1.4 ± 0.01 36.4 ± 0.22 
Peat 29.1 ± 0.02 1.6 ± 0.01 17.7 ± 0.07  
Sphagnum 41.8 ± 0.03 1.0 ± 0.01  42.1 ± 0.28 
 
The NMR data was analysed by splitting the spectra into regions of differing chemical identity and 
integrating to find the proportion of each region to the total signal. The results of this analysis of the 
starting samples are shown in Table 18. 
Table 18: Proportion of NMR signal in each chemical environment as a proportion of total signal (ppm 
ranges from Peuravuori et al., 2003) 
Chemical 
region 
Alkyl Methoxy/N-alkyl O-
Alkyl 
Di-O-
Alkyl 
Aromatic Phenolic Carboxy/amide Ketone 
ppm 
range 
0-53 53-63 63-95 95-110 110-140 140-160 160-185 185-215 
Calluna 0.23 0.07 0.38 0.10 0.08 0.06 0.05 0.02 
Peat 0.29 0.07 0.29 0.07 0.11 0.05 0.09 0.03 
Sphagnum 0.11 0.07 0.53 0.12 0.07 0.02 0.06 0.02 
 
A higher alkyl signal (mainly fats/fatty acids) was observed for Calluna and peat which agrees with 
the preservation of aliphatics in peat and a higher fatty acid content in Calluna versus mosses (Black 
et al., 1955). Peat showed a lower polysaccharide signal (O-alkyl), potentially because of preferential 
decay of these labile compounds whereas the high aromatic signal could be indicative of 
preservation of these compounds. 
Sphagnum has a very low phenolic signal, a feature which is often attributed to lignin content. 
Although lignin is not present in bryophytes (Wilson et al., 1989), sphagnum acid (an alternative 
structural polyphenol) is present at concentrations in the range 0.06-0.9 μg mg-1 between different 
species of Sphagnum (Rudolph and Samland, 1985), which is low compared to the lignin content of 
many vascular plants (Vuuren et al. 1993). Sphagnum showed a high polysaccharide signal which 
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could be because of the posited decay resistance of sphagnan, the uronic acid-based cell-wall 
polysaccharide in Sphagnum (Hájek et al., 2010). 
Overall, the NMR data show peat to have a high aromatic and phenol content and low 
polysaccharide content, potentially an indicator of decay resistance. Calluna and Sphagnum are 
more complex, however, as the aromatic contents are similar and the phenolic content is higher in 
Calluna, while the polysaccharide content is higher in Sphagnum. These data, however, do not 
capture differences in the decay resistance of different types of phenolic/ polysaccharide moieties 
present in Sphagnum and Calluna, e.g. sphagnan vs. cellulose and sphagnum acid vs. lignin and so do 
not give a clear indication of the causes of differences in decay rates and DOC flux between the 
samples. 
5.3.9 Mass loss and CO2 flux 
Sample mass loss and CO2 flux during decay are indicators of total mineralisation/solubilisation of 
carbon and microbial activity, respectively. Data were obtained from Mike Bell, University of 
Reading, who analysed the same samples to assess climate effects on gaseous carbon fluxes from 
peatland sources in an experiment complementary to this work on dissolved carbon fluxes. The data 
on mass loss was compared to the quantity and quality of DOC produced from the different sources. 
These comparisons are shown in Table 19. 
Table 19: Correlations between sample mass loss and DOC quantity and quality measures 
Correlation Spearman’s correlation coefficient p value 
Mass loss α DOC leached 0.851 <0.001 
Mass loss α Peak C 0.682 <0.001 
Mass loss α SUVA 0.466 <0.001 
Mass loss α DOC removal efficiency 0.453 <0.001 
 
The strong correlation between mass loss and the DOC leached suggests that the level of 
decomposition is to some extent controlling the amount of DOC leached from the samples. Care 
must be taken in interpreting this result, however, as mass loss measures both carbon lost through 
mineralisation to CO2 and losses through DOC flux, so some correlation is to be expected. Further 
evidence of microbial control of DOC production is provided by a correlation between CO2 
production during the experiment, indicative of microbial activity, and DOC flux (Spearman’s 
ρ=0.702, p<0.001). 
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Correlations were also found between mass loss and DOC quality parameters indicative of aromatic, 
humic-like character (SUVA and peak C), which also led to a correlation with removal. This suggests 
that the samples which have been more degraded during the experiment (lost the most mass) are 
producing DOC which is more aromatic, which has been noted elsewhere in the literature (Don and 
Kalbitz, 2005). 
C:N data for the DOC sources at the end of the experiment, provided by Mike Bell, is only available 
for Sphagnum and Calluna so analysis was only attempted on these two sources. The source had a 
significant effect on the C:N value (ANOVA F 183.77, p<0.001, ω2=0.824) with means of 26.17 ± 0.44 
for Calluna and 39.46 ±0.86 for Sphagnum. No other treatment effects were found (ANOVA p>0.05). 
The C:N of the two vegetation types correlated to mass lost during the experiment (Spearman’s  = -
0.699, p <0.001). Mass loss is an indicator of the total amount of mineralisation and solubilisation of 
carbon; the correlation therefore suggesting this is controlled by nitrogen availability in the 
substrate, as reported elsewhere (Limpens and Berendse, 2003).  
The C:N also correlated with the DOC produced by the sample (Spearman’s -0.687, p<0.001), 
suggesting low C:N samples have better availability of soluble compounds, as reported elsewhere 
(Soong et al., 2014). Linking this finding with the correlation of C:N to mass loss could suggest that 
the greater DOC production is due to low C:N samples decaying more and thus generating more 
soluble compounds through breakdown of the vegetation structure and generation of microbial by-
products. There was also a significant correlation between C:N and DOC removal (Spearman’s -
0.356, p=0.024, respectively) indicating samples with low C:N had better DOC removal. Again, linking 
to the results for mass loss this provides further evidence that samples which are more readily 
degraded produce a greater proportion of easily removed, aromatic compounds. 
5.4.0 Discussion 
5.4.1 Predictors of treatment efficacy 
In this study SUVA proved the most effective parameter for predicting chloroform formation 
whereas fluorescence was more effective for predicting chlorine demand and removal by 
coagulation. The SUVA measurement has some known interferences from nitrates, colloids and iron 
(Weishaar et al., 2003), however these are expected to be low in these samples as the peat is from 
an ombrotrophic source and is therefore expected to be low in nutrients and iron (Clark et al., 2011). 
The ability of fluorescence EEMs to identify different types of fluorophores was effective in providing 
information on the proportion of protein-like and humic-like DOC and therefore how easily they 
could be removed. Variable removal was observed when the ratio of humic to protein-like DOC was 
low. This relationship, and the results of the ANOVA, suggests that differences in solubilisation of 
100 
 
protein and humic-like DOC into the leachate are responsible for the differences in removal 
efficiency. 
These findings are consistent with literature suggesting proteinaceous DOC is hard to remove 
(Krasner, 2009) and work elsewhere which found that periods of low peak T values corresponded to 
periods of high DOC removal from a dataset of 16 WTWs (Bieroza et al., 2009). 
5.4.2 Treatment effects: DOC source 
The results of this study show that significant differences exist between DOC production and 
leaching from the sources investigated, with total leaching in the order of Calluna> Sphagnum >peat. 
It is possible that the fresh vegetation (Calluna/Sphagnum) leached more DOC per g as the peat 
would have already been decaying for some years and thus lost much of its carbon amenable to 
solubilisation, as observed in the literature (Gough et al., 2012; Moore and Dalva, 2001). 
Alternatively, this could be due to hydrophobic protection limiting decay (Spaccini et al., 2002) or 
problems relating to rewetting peat limiting flow through the sample (Worrall et al., 2003a). The 
much higher DOC values from Calluna agree with the findings of Armstrong et al., 2012 who 
compared DOC production from different vegetation types and drain-blocking sites at 32 locations 
across the UK. DOC flux may therefore increase in catchments where Calluna is dominant or where 
climate change and catchment recovery from acidification act to promote the dominance of vascular 
plants over bryophytes (Fenner et al., 2007; Weltzin et al., 2003). A potential causal relationship for 
the lower DOC production and leaching of Sphagnum is the well documented decay resistance 
attributed to its phenolic content (Fenner et al., 2004). A low phenolic signal was detected in the 
Sphagnum starting material suggesting that the sphagnum acid may be highly recalcitrant to decay, 
even in low proportions. The resistance to decomposition was further confirmed by the high C:N 
ratio of Sphagnum which has been shown to control decay and nutrient/DOC release from decaying 
vegetation (Bragazza et al., 2007; Soong et al., 2014). 
The effect of increased DOC production in areas of Calluna may be compounded in the future. An 
interactive effect suggests Calluna litter may leach more DOC if less precipitation occurs whereas 
Sphagnum may leach less (Figure 10). This would appear to provide evidence in support of 
catchment management for the reintroduction of Sphagnum both for present conditions and to 
mitigate potential increases in surface water DOC under future climate. 
The Calluna and Sphagnum samples both had higher SUVA values than peat, which also 
corresponded to greater removal by the conventional water treatment processes and greater 
residual SUVA values. The differences in removal by coagulation appear to be explained by the 
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variation in the proportion of protein-like DOC solubilised into the leachate, observed through the 
fluorescence peak C/T. Although Calluna showed the greatest removal (57.8%) this was offset by a 
much greater amount of DOC production and leaching. These results differ from those of Chapter 4, 
which found peat soils to produce DOC which was well removed by coagulation, possibly due to the 
fact that the peat used in Chapter 4 had not been exposed to oxygen for a long period compared to 
this two-month simulation . This hypothesis will be explored further in Chapter 7.  
An increase in quantity rather than a change in quality of DOC would suggest that effective 
optimisation or scale-up of current treatment techniques may be able to cope with future raw water 
DOC properties. An interactive effect (Figure 10) between DOC source and temperature indicates 
greater SUVA values may occur under future climate conditions for Sphagnum DOC.  
A higher chlorine demand was observed in the Sphagnum samples. This represents a potential 
drawback to supporting Sphagnum via catchment management. It has been noted (Fabris et al., 
2008) that chlorine demand is more difficult to remove than THM precursors. These results support 
this given that strong treatment effects on chlorine demand were found compared to those for 
chloroform formation potential. 
The specific chloroform values suggest a greater chlorine reactivity of the fresh vegetation sources 
over peat. These findings contrast with some in the literature (Gough et al., 2012) which have found 
similar specific THM values for peat and vegetation sources of DOC. This may be explained by the 
difference in how DOC was collected as this study examined only leachate from simulated rainfall 
whereas the previous work (Gough et al., 2012) examined water extractable DOC which will likely 
contain compounds which would not be effectively solubilised by rainfall events alone. No climate 
effects were observed for chloroform or DCAN reactivity whereas the seasonal effects reported 
elsewhere in the literature (Goslan et al., 2002; Gough et al., 2013) would suggest there are 
temperature and precipitation controls on DBP precursor production and transport at the catchment 
scale. 
A previous study (Fabris et al., 2008) comparing variations in DOC from dissimilar source catchments 
suggested that differences are levelled out in the treatment processes, leaving the same compounds 
which are recalcitrant to treatment. The present study does not fully support this, as significant 
treatment effects were observed post-treatment for a number of parameters. The earlier authors 
were, however, examining changes in DOC across multiple treatment stages in WTWs meaning they 
would likely have observed better removal and therefore homogeneity in residual DOC than in these 
experiments. 
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Recent work looking at catchment processing of DOC (Rossel et al., 2013) and the ability of lakes 
with large residence times to act as a buffer to increases in DOC and colour (Hanson et al., 2011; 
Köhler et al., 2013) are important to this study. These processes would suggest that some of the 
effects noted in this study may be decreased at the catchment scale. The work of Preston et al. 
(2011) suggests that water content is the most important control on DOC at the microcosm scale 
whereas temperature becomes more important at the catchment scale. The upscaling of the findings 
of this study is therefore an area for further research. 
5.4.3 Treatment effects: Rainfall 
The decreased rainfall applied for the UKCP09 conditions resulted in an increase in removal 
efficiency of 10.4% across the DOC sources although a rainfall effect was not observed on the SUVA 
values. This appears to be caused by an effect not captured by the SUVA measure, namely a 
decrease in the proportion of protein-like DOC solubilised into the leachate. It is unclear whether 
this effect is due simply to less rain meaning less opportunity for solubilisation of the protein-like 
material or whether more complex processes (such as changes in oxygenation of the decaying 
material) are occurring. Reduced rainfall also increased DOC leaching from Calluna, which agrees 
with the study of Freeman et al. (2001c), which found that increased oxygenation improved the 
decay of upland vegetation.  
5.4.4 Treatment effects: Temperature 
The leaching of DOC from Calluna appears to be more sensitive to climate than Sphagnum or peat as 
large interactive effects with both temperature and rainfall were noted. The temperature treatment 
increased SUVA post-coagulation by 36% across the DOC sources which may be of concern to 
treatment practitioners as this could lead to higher residual colour and THM formation. The 
increased temperature condition resulted in a significant increase in 1,1,1-TCP formation which, 
although unregulated as a DBP, is a THM precursor (Gurol et al., 1983). Despite this, however, a 
concurrent increase in chloroform formation attributable to temperature was not observed in this 
experiment suggesting climate effects on chloroform formation at the scale observed here can be 
effectively removed via conventional water treatment. 
A possible reason for the increase in residual SUVA may be that microbial degradation has been 
stimulated by temperature (Davidson and Janssens, 2006) and thus decreased the average size, and 
therefore amenability to coagulation, of the compounds which absorb at 254 nm. This effect has also 
been observed elsewhere (Kalbitz et al., 2003) where an increase in concentration of phenols and 
lignin monomers compared to dimers and larger aromatics was observed during an incubation of 
different sources of DOC. 
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A 33% decrease in total DOC was also noted with increased temperature which seems strange given 
that microbial stimulation is a likely outcome of higher temperatures. The graphs of interaction 
effects seem to suggest that the majority of this occurs with Calluna, whereas Sphagnum and peat 
are largely unaffected. This could be because the peat and Sphagnum samples were more capable of 
retaining water, and at high levels of dryness, moisture becomes a limiting factor on microbial 
production (Davidson et al., 1998). Another possible reason is that increased temperature 
stimulated mineralisation in the leachate and there were differences in biodegradability between 
the DOC sources. This aspect was considered further and is described in chapter 8. Although the 
causes are as yet unclear it seems Calluna DOC production and leaching may be highly sensitive to 
climatic variability. 
5.5 Summary of principal findings 
The results from this study suggest that future changes in dominant vegetation may be more 
significant than changes in long term averages of climate variables when considering the production, 
leaching and treatment of DOC during summer conditions. The differences in DOC production 
between the vegetation sources appear to be due to differences in C:N, and therefore 
decomposition, with more DOC with high aromaticity being produced in the most degraded samples. 
Climate variables may interact with the vegetative source of DOC, with this study illustrating that 
reduced rainfall will mean more DOC leaching, with higher SUVA values for Calluna. In contrast 
Sphagnum Spp. may leach less. Of the DOC sources studied Calluna appears to be the most sensitive 
to climate with large treatment effects from temperature and rainfall. Differences in removal 
efficiency by coagulation between DOC sources and climate conditions appear to be driven by the 
production and solubilisation of protein-like DOC, as indicated by the fluorescence peak C/T. No 
treatment effects on DBP formation were found for temperature or rainfall which may suggest a well 
optimised coagulation process is able to cope with the majority of climate induced shifts in DOC 
from allochthonous sources. These results suggest that current programmes to encourage 
Sphagnum prevalence will result in less DOC, particularly under future climate conditions.  
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Chapter 6: Abiotic temperature controls on DOC release  
6.1 Introduction 
Chapter 5, the simulation of DOC production under projected temperature and rainfall conditions, 
showed an overall decrease in DOC leaching under the UKCP09 temperature conditions, and higher 
SUVA values for Sphagnum and Calluna, but lower SUVA values from peat. The correlation found 
between CO2 production during the experiment and DOC leached suggested a biotic mechanism 
driving DOC leaching, as CO2 production is a proxy for microbial activity in the samples. There is also 
an abiotic mechanism as DOC becomes increasingly soluble under higher temperatures, with 
reported values for temperature sensitivity, Q10, of DOC solubility around 1.6 for litter leachates 
(Moore and Dalva, 2001a) and between 1.1- 1.4 for spodsols (Kaiser et al., 2001). The Q10 value of 
DOC quality parameters, such as UV absorption, is currently unknown but may be of relevance to the 
interpretation of the results of the previous experimental work. 
A short additional experiment was therefore undertaken using samples collected from Dartmoor 
National Park to assess: a) the Q10 value of DOC extraction from peatland sources, b) the Q10 value of 
DOC quality parameters from these sources and therefore, c) the direct, abiotic effect of climate 
change on DOC solubility and quality and to reassess the results of the previous experiment in light 
of this. 
6.2 Methods 
Samples of Calluna, Sphagnum, Juncus, Molinia and a peat soil were collected in May 2015 from 
Dartmoor National Park at field sites close to Postbridge (50°6’N; 3°90’W). Site description and 
details of sample collection are available in section 3.1.0 of the methods chapter. The vegetation 
samples were prepared by air-drying and cutting to a 2 cm length. The peat soil was not air dried to 
maintain relatively anoxic conditions in the sample. To achieve this, the peat was sealed in an 
airtight bag on collection and kept in the dark at 4 oC until use, which was two days after collection.  
Approximately 2 g of vegetation and 10 g of peat soil were extracted with reverse osmosis water at a 
1:20 ratio by mass. The extractions were performed in three incubators set at 10, 20 and 30 ±1 oC for 
24 hours. Samples were filtered using pre-combusted GF/F filters and stored in amber glass in the 
dark at 4 oC until use. All analyses were completed within one week of extraction, so minimal loss of 
DOC was expected (Peacock et al., 2015). The filtered samples were then analysed for DOC 
concentration and UV properties as described in section 3.6.0 of the methods chapter. 
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6.3. Results 
An omnibus ANOVA was performed using source and temperature of extraction as factors on DOC 
extracted, SUVA value as well as the E2:E3 and E2:E4 UV ratios, which are used as indicators of 
various DOC properties (Peuravuori and Pihlaja, 1997). Prior to analysis the variables were treated 
with a Box-Cox transformation to deal with issues of normality and heteroscedasticity (Box and Cox, 
1964). The ANOVA showed significant interactions between source and temperature of extraction 
for DOC, SUVA and E2:E3 (p<0.01) but not for E2:E4 (p=0.135), which also showed no temperature 
effect (p=0.895). The interactive effects were followed up using multiple one-way ANOVAs with a 
Holm-Šidák correction to control the inflation of type one error (Holm, 1979; Šidák, 1967). Table 20 
shows the effect of temperature of DOC extracted with the ω2 value, used as an estimate of effect 
size which is suitable for use with small sample sizes (Keselman, 1975). 
Table 20: ANOVA of effect of temperature on DOC extractions of different sources 
Source F score p value Significant? ω2 
Sphagnum 0.228 0.800 No - 
Peat 36.642 <0.001 Yes 0.856 
Calluna 6.871 0.015 Yes 0.495 
Molinia 19.525 0.001 Yes 0.755 
Juncus 58.757 <0.001 Yes 0.906 
 
This suggests significant and strong effects, as measured by ω2, on peat, Juncus and Molinia and a 
still significant but less strong effect on Calluna, and no effects for Sphagnum. For the sources with 
significant effects the Q10 value was calculated as both individual values between 10-20 oC and 
between 20-30 oC, as well as an overall value across the temperature range, shown in Table 21. 
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Table 21: Q10 value of DOC extraction for different peatland sources 
Source Q10 10-20 oC Q10 20-30 oC Average Q10  
Sphagnum - - - 
Peat 2.6 1.5 2.1 
Calluna 1.6 1.3 1.5 
Molinia 1.3 1.8 1.6 
Juncus 2.5 3.4 3.0 
 
The peat soil and Calluna showed the strongest temperature sensitivity between 10-20 oC, whereas 
Molinia and Juncus were most sensitive between 20-30 oC. The Q10 values were similar to those 
found in other studies (Moore and Dalva, 2001b), although Juncus was higher than the litter samples 
used by Moore and Dalva (2001). The Q10 value of peat was much higher than those found for 
spodosols (Kaiser et al., 2001), however the Q10 of peat is known to be dependent on the degree of 
oxygenation (Clark et al., 2009), and as these samples were removed from the field and analysed in 
an oxic environment, this is likely to be significantly higher than field conditions. Although therefore 
not representative of peat in situ, this does give a representative Q10 value of samples used in oxic 
laboratory studies and is therefore useful to this work. 
The analysis of the temperature sensitivity of SUVA suggested none of the DOC sources showed 
significantly different effects when using the Holm-Šidák correction. This suggests the main effect of 
temperature on DOC extractions is the amount of DOC rather than the quality. The E2:E3 UV ratio 
only showed a significant effect for the Sphagnum extraction (F score= 26.036, p<0.001, ω2=0.824) 
whereas all other sources were not significant. The Q10 value of the E2:E3 value for Sphagnum was 
0.6 between 10-20 oC and 0.9 between 20-30 oC, with an overall value of 0.73. The E2:E3 ratio has 
been used as a proxy for the molecular weight of humic compounds with lower values indicative of 
higher molecular weight (Peuravuori and Pihlaja, 1997). These results therefore suggest higher 
molecular weight compounds being solubilised from Sphagnum under higher temperatures. 
6.4. Discussion 
These results suggest significantly higher DOC release from all sources except Sphagnum given 
higher temperatures. The previous experiment used a high temperature treatment of approximately 
5 oC which should have increased DOC release from Calluna and peat by around 25% and 50%, 
respectively. The higher temperature treatment actually produced significantly less DOC 
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(approximately -27%) across the three sources. In the initial experiment the leachate was collected 
throughout and analysed at the end, suggesting the increase in DOC leaching caused by temperature 
was not greater than the increase in mineralisation due to temperature stimulation of microbial 
activity (e.g. Q10 microbial mineralisation > Q10 DOC solubility). This has important implications for 
the effect of temperature on release of DOC in the litter layer and the subsequent processing by the 
soil/litter microbial community. The release of more DOC for use by the microbial community is 
likely to cause changes in soil microbial biomass (Kalbitz et al., 2002) with effects for overall DOC flux 
not covered by these experiments. This remains an area for future research. 
Greater Q10 values were found for the grassland species, Molnia and Juncus, than the peatland 
species which showed no effect for Sphagnum and a weaker effect for Calluna (ω2 <0.5, Q10=1.5). 
This suggests that if grassland species continue to encroach on peatland areas and climate change 
causes increased temperatures then an increased flux of DOC from litter can be expected compared 
to areas dominated by Sphagnum/Calluna. There were no temperature effects on the SUVA value of 
the extracted DOC and only an effect of the E2:E3 value (indicative of the molecular weight of 
humics) for Sphagnum and not the other sources. This suggests the main abiotic effect of increased 
temperature is a simple increase in overall DOC rather than changes in the type of DOC extracted.  
The change in E2:E3 value for Sphagnum suggests the higher temperature allows less soluble, higher 
molecular weight compounds to be released. This is contrary to the findings of Kaiser et al. (2001) 
who found greater release of hydrophilic vs. hydrophobic DOC at higher temperatures, however 
these findings were with spodsol soil samples so may not be comparable to the Sphagnum result 
found here. In the experiments in Chapter 5, an interactive effect was noted between Sphagnum 
and temperature for the SUVA value of DOC leached during the experiment. Given the result found 
here for E2:E3 ratio, this suggests that Sphagnum DOC may be the most sensitive to quality changes 
in DOC from elevated temperatures. 
 
6.5. Summary of principal findings 
The results of the experimental work described in this chapter show a greater temperature 
sensitivity of DOC release from grassland over peatland species, potentially leading to greater DOC 
flux from the litter layer if Molinia/Juncus continue to encroach on peatlands. The peat soil also 
showed a large sensitivity to temperature although this value may be higher than field conditions 
because of oxygenation of the sample during transport and analysis. No effects on DOC quality were 
found for most samples with only an increase in the molecular weight, as shown by E2:E3 value, 
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found for Sphagnum. It therefore seems that the abiotic effect of temperature increase is likely to be 
an increase in DOC flux in the soil and litter layer with minimal DOC quality changes. Comparing the 
results of this experiment to those of the litter leaching experiments in Chapter 5 suggests that 
although temperature increases DOC flux through increased solubility, this is more than balanced by 
the increase in mineralisation by the microbial community.  
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Chapter 7: The effect of drought on dissolved organic carbon flux from 
peatland sources 
 
7.1 Introduction 
Organic rich peat soils are a major store of carbon worldwide, containing between 15-30% of the 
world’s total soil carbon (Limpens et al., 2008). Their existence is predicated on high year-round 
water tables which create an anoxic environment, thus limiting decay, and also on the recalcitrance 
of plant litter (dead plant material) commonly found in peatland areas (Billett et al., 2010; van 
Breemen, 1995). Projected future changes in temperature and precipitation patterns due to climate 
change may decrease the extent to which these conditions exist, both in the UK (Clark et al., 2010) 
and worldwide (Gallego-Sala and Prentice, 2012), and climate conditions may promote 
destabilisation of sequestered carbon (Evans and Warburton, 2010; Fenner and Freeman, 2011; 
Freeman et al., 2001a). 
Dissolved organic carbon (DOC) is a significant flux of carbon from peatlands (Dinsmore et al., 2010) 
with implications both for carbon budgets and potable water treatment. DOC can lead to colour, 
odour and taste problems in drinking water and thus must be removed during treatment, 
conventionally by coagulation, flocculation and sedimentation/flotation. DOC which remains can 
react with chemical disinfectants to form disinfection by-products (DBPs) (Rook, 1974), some of 
which are regulated due to associated human health concerns (Nieuwenhuijsen et al., 2009).  
Predicting the impacts of climate change on DOC production and drinking water treatment requires 
an understanding of a number of complex biogeochemical cycles and their interactions with 
different potential consequences (Ritson et al., 2014b). Vegetative change in peatlands may occur 
with species dominance shifting from Sphagnum mosses to vascular plants (Fenner et al., 2007; 
Weltzin et al., 2003). Many typically grassland species (Juncus effusus, Molinia caerulea) are 
encroaching on peatland areas, due in part to anthropogenic pressures such as nutrient deposition 
and management practices (Berendse, 1994; Chambers et al., 2007b; McCorry and Renou, 2003; 
Shaw et al., 1996). These species are adapted to higher nutrient availability (Aerts, 1999) and thus 
can out-compete peatland species if nutrient levels are elevated through, for example, deposition 
(Berendse et al., 2001). This has implications for carbon storage in peatlands, as Sphagnum is 
responsible for a number of mechanisms (e.g. the production of low pH, recalcitrant litter) which 
allows carbon to be stored over long time periods (van Breemen, 1995). Conversely, many vascular 
plants can destabilise colonised peat, stimulating decomposition by adding labile carbon at the 
surface and through their root systems (Fenner et al. 2007; Gogo et al. 2010), through mycorrhizal 
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associations (Bending and Read, 1997a; Rice and Currah, 2001) and altering microbial community 
structure (Bragazza et al., 2015). As such, a number of programmes have aimed to promote 
Sphagnum dominance for carbon storage and other ecosystem services (Grand-Clement et al., 
2013). However, further evidence is needed on the water quality outcomes of such interventions 
and the implications for water treatment. 
Although there is a growing awareness of the importance of litter type in controlling the amount and 
composition of DOC (Cuss and Guéguen, 2013; Don and Kalbitz, 2005; Soong et al., 2014) most of 
this work has occurred using forest and grassland species in North America, with little work 
focussing on peatland litter. Previous work has highlighted both the vegetative source and climate 
controls on production affecting the ease of removal of DOC and the formation of DBPs (Gough et 
al., 2012; Reckhow et al., 2007; Ritson et al., 2014a; Tang et al., 2013). The present research sought 
to quantify the effect of changing litter input in peatlands and their interaction with drought 
conditions. To this end, climate simulations of varying drought severities defined as percentiles of 
mean monthly rainfall were performed on four typical peatland vegetation types (Calluna vulgaris, 
Juncus effusus, Molinia caerulea and Sphagnum spp.) and a peat soil. After a six-week drought 
simulation, the DOC released upon rewetting was analysed in terms of optical properties and 
coagulation removal efficiency with ferric sulphate to determine: (a) whether peatland species of 
interest to catchment management programmes produce different quantities and quality of DOC 
and (b) whether drought affects DOC production from these litter and soil types.  
This research is particularly pertinent given current restoration schemes (Grand-Clement et al., 
2013), the possibility of vegetative change in peatlands (Weltzin et al., 2003) and projections for 
more frequent droughts in the future (Jenkins et al., 2009b). 
7.2.0 Methodology 
7.2.1 Field site and sample collection 
Samples were collected from the Spooners site (51º 07'23.3’’ N 3º 45'11.8’’ W) in Exmoor National 
Park, UK at approximately 400 m elevation (see section 3.1.0 of the methods chapter for more 
details). The site is part of the MIRES project (Arnott, 2010) and was chosen as this area has been 
highlighted as a marginal peatland which may be vulnerable to climate change (Clark et al., 2010b).  
Samples of vegetation and peat soil were collected in one day in May 2014 and were sealed in 
airtight bags in a chilled container for transport from the field and stored in the dark at 4oC before 
use. The start times of the drought simulations for different DOC sources were staggered by up to 
two weeks to allow prompt analysis of water extracts at the end of the experiments. Preliminary 
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work suggested storage gave no significant difference in amount of water extractable DOC or the 
SUVA value after three weeks of storage in the dark at 4oC. 
7.2.2 Experimental Design 
The vegetation and peat samples were homogenised by hand and randomly assigned a drought 
treatment in a 5 (vegetation types) x 4 (drought treatments) design with five replicates per 
treatment, giving 100 samples in total.   
Data were obtained from regional historic climate records of the UK Meteorological Office for the 
south west of England for the period 1910-2013 (UK Met Office 2014) and these values were used to 
define three severities of drought and a control value. Data for the months of June, July and August 
(310 months in total from the record) were used to find the 50th, 25th, 10th and 5th percentile for total 
monthly rainfall and these values (Table 22) have been used for control, mild, moderate and severe 
droughts, respectively.  
Table 22: Monthly rainfall for control group and three severities of drought 
Drought Treatment Monthly rainfall total (mm) 
Control (50th percentile) 79.0 
Mild (25th percentile) 51.5 
Moderate (10th percentile) 34.7 
Severe (5th percentile) 23.3 
 
The number of days of rain was fixed at a baseline value of eleven (regional average for June, July 
and August) and temperature cycled between twelve hours at the mean daily maximum of 18.9 and 
the mean daily minimum of 10.7 °C based on the same historical datasets for the south west region.  
7.2.3 Experimental procedure and laboratory methods 
As in other decomposition studies, samples were air-dried to constant weight then mixed before 
subsampling (e.g. Latter, Howson, Howard, & Scott, 1998). Five subsamples of each vegetation type 
were then oven-dried at 70 °C until constant weight, to determine the air-dry to oven-dry conversion 
factor. These sub-samples were then ground to the consistency of flour using a disc mill (Tema, UK) 
and analysed for carbon and nitrogen content. 
Approximately 2 g dry-weight of air-dried vegetation/peat were placed in 7 cm Buchner funnels 
fitted into amber-glass bottles used to collect the simulated rainfall. A lower weight of sample was 
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used for Sphagnum (~0.65 g) and Molinia (~1.5 g) due to their low density when air-dried, meaning 
this was enough vegetation to fill the Buchner funnel. The peat samples were pressed lightly into the 
funnel so that a seal was created, meaning rainfall must infiltrate the peat rather than bypass 
through the funnel. Care was taken to avoid compacting the peat as this may affect infiltration 
properties. 
The samples were then placed in an incubator for six weeks with rainfall events occurring eleven 
times per month with the required amount of high purity reverse osmosis (RO) treated water as per 
Table 22, applied drop-wise over the area of the funnel with a graduated syringe. RO water has been 
used in similar degradation studies (Baumann et al., 2009b; Cortez et al., 1996b) and is employed so 
that no organic carbon is added to the samples. 
As the samples were collected from the field and had been in contact with litter and soil, no 
inoculation with microorganisms was required as a suitable decomposer community was likely to be 
present (Van Meeteren et al., 2007). In this experiment the action of invertebrates and other 
microfauna was excluded, however their role in the decay of peatland litter is minimal (Dickinson 
and Maggs, 1974), although their role in DOC production from peat soils may be more significant 
(Cole et al., 2002). 
At the end of the six week simulation the samples were air-dried and weighed. Water extractable 
DOC from the air dried sample was taken to simulate re-wetting following the end of the drought. 
UV and fluorescence analysis was undertaken before coagulation/flocculation jar testing (see section 
3.3.0 onwards of the methods chapter). Coagulation was performed on 350 ml of sample diluted to 
3 mg l-1 DOC using a Phipps and Bird PB-700 paddled jar-tester (Phipps and Bird Ltd., Virginia, USA). 
After settling, the sample was filtered by Whatman qualitative grade 2 filters to remove flocs before 
NPOC analysis.  
Preliminary work indicated the following conditions gave effective DOC removal of similar samples: 
pH 5.5, 30.0 mg l-1 ferric sulphate dosed with 28.5 mg l-1 calcium hydroxide for pH control during a 
flash mix of one minute at 175 rpm, followed by a slow mix of 30 minutes at 60 rpm and then one 
hour of settling.  
7.2.4 Data analysis and statistical methods 
Statistical analysis was performed in the open source programming language, R, and SPSS version 21 
(IBM). Due to problems with normality and heteroscedasticity a Box-Cox transform (Box and Cox, 
1964) was applied to the variables before testing with a factorial ANOVA. A Tukey HSD post-hoc 
procedure was used for pairwise comparisons between the DOC sources whilst a two–sided 
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Dunnet’s test (Dunnet, 1955) was used to compare each severity of drought treatment to the control 
group. Estimates of effect sizes were made using ω2, a test statistic which suggests the variance 
explained by the factor, as this is a less biased measure when used with small samples sizes 
(Keselman, 1975). After an omnibus ANOVA of all DOC sources and drought, interactive effects were 
followed up using multiple one-way ANOVAs with a Holm-Šidák correction to control the inflation of 
type one error (Holm, 1979; Šidák, 1967). 
7.2.5 Repetition of the control group 
To further investigate the effect of oxygenation of peat on DOC production and treatability, the 
control condition of this experiment was repeated in August 2015 using peat samples collected from 
the Dartmoor sites. Water extractable DOC was taken from a subsample before the climate 
simulation began and analysed for fluorescence and UV properties as well as sent to Celw Ltd for 
fractionation analysis. Approximately 3.5 g dry weight of peat was then incubated using the same 
temperature and rainfall as the control samples of the drought experiment with three replicates. 
After five weeks water extractable DOC was again taken for fluorescence, UV and fractionation 
analysis. Unfortunately due to data quality issues the fractionation results had to be excluded from 
the analysis. 
7.3.0 Results 
7.3.1 Omnibus ANOVA 
A factorial ANOVA was performed exploring the source, drought and interactive effects on DOC, 
SUVA, DOC removal efficiency and the removal of SUVA (Table 23). Extractable DOC and SUVA had 
significant source, drought and source*drought effects suggesting that there is variation in the 
sensitivity of the sources to drought. No drought effects were observed for DOC removal or SUVA 
removal, although the source had strong effects on these parameters. For all significant results the 
effect size for the source was much greater than that for the drought treatment. 
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Table 23: p-values from factorial ANOVA (significant values have been highlighted in bold and displayed with 
ω2 estimate of effect size in brackets) 
 
 
 
Factor 
Variable Water extractable DOC 
(mg g−1) 
SUVA 
(L mg−1 m−1) 
DOC 
removal (%) 
SUVA 
removal (%) 
DOC source <0.001 
(0.945) 
<0.001 
(0.422) 
<0.001 
(0.396) 
<0.001 
(0.331) 
Drought  0.007 
(0.004) 
0.007 
(0.034) 
0.418 0.475 
DOC 
source*Drought 
0.050 
(0.004) 
0.005 
(0.054) 
0.234 0.951 
 
7.3.2 Water extractable DOC 
The Tukey HSD test suggested that all DOC sources have significantly different means at the p<0.01 
level except the Calluna - Juncus comparison which was significantly different at the p<0.05 level. 
The mean DOC extracted for all samples from each source is shown in Figure 12 a). The vegetation 
samples produced more DOC than the peat soil (0.58 mg g−1) with the peatland species, Sphagnum 
and Calluna, producing 3.47 and 6.86 mg g−1 respectively whereas the grassland species, Juncus and 
Molinia produced much more at 9.21 and 16.52 mg g−1 respectively. This highlights the disparity in 
DOC production between peatland and grassland species as Juncus produced more than two and a 
half times as much DOC as Sphagnum and Molinia produced over four and a half times as much. 
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Figure 12: a) Water extractable DOC of all samples across the different DOC sources (all significantly 
different at the p<0.01 level except Calluna-Juncus comparison which is significant at the p<0.05 level), and 
b) DOC extracted from peat on rewetting following different severities of drought (error bars at one 
standard error), p values indicate difference from control group using Dunnet’s test 
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To investigate the source*drought interaction one-way ANOVAs were performed for drought effects 
on each of the sources (Table 24) using a Holm-Šidák correction to control the inflation of type one 
error. 
Table 24: ANOVA results testing the effect of drought on water extractable DOC from different sources. 
Significant effects (Holm-Šidák correction) are highlighted in bold with the ω2 estimate of effect size in 
brackets 
DOC source p value 
Peat 0.010 (0.393) 
Sphagnum 0.097 
Calluna 0.418 
Juncus 0.038 
Molinia 0.550 
 
Due to the decrease in the level of significance of the p value in the Holm-Šidák method only the 
peat source was found to have a drought effect on water extractable DOC. The mean values were 
0.48, 0.67, 0.61 and 0.58 for the control, mild, moderate and severe treatments, respectively, and 
this is shown in Figure 12 b). The mild and moderate drought treatments gave a significant increase 
in extractable DOC, indicated by using Dunnet’s test for comparison to the control group (p=0.004 
and 0.034 respectively). This corresponded to a 39.6% increase in DOC production for the mild 
treatment and 27.1% increase for the moderate treatment. 
A larger standard error in the severe drought treatment meant that this was not significantly 
different from the control (p=0.132). Observations made throughout the experiment suggested that 
in the severe treatment there was a large variation in the extent to which each replicate dried out. 
Once peat becomes dry, a hydrophobic layer forms (Spaccini et al. 2002; Worrall et al. 2003), 
meaning that less water will infiltrate the sample, therefore increasing the severity of the drought 
beyond the experimental design. 
Variation in water content during the experiment was not recorded; however the water content of 
the peat samples was measured at the end of the experiment. This averaged 16.11, 14.14, 15.11 and 
5.95 g with standard errors of 7.7, 3.0, 15.9 and 28.1% for the peat control, mild, medium and severe 
drought treatments respectively. The much larger standard error in final water content agrees with 
observations during the experiment and could perhaps explain some of the increased variation in 
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extractable DOC for the severe drought treatment. This hypothesis was tested by comparing the 
variation from group mean in final water content for each sample with the variation from group 
mean in extractable DOC. These two measures of variance were found to correlate (Spearman’s ρ 
coefficient 0.484, p=0.031) suggesting some of the variation in DOC extracted is explained by 
different water contents between the samples. This could have been caused by small variations in 
the way rain was applied over the area of the sample, the extent to which the peat was compressed 
to form a seal in the funnel or how shrinkage of the peat mass allowed water to pass through the 
funnel rather than infiltrate the peat. 
7.3.3 SUVA 
The Tukey HSD test suggested that the mean values for SUVA formed three subsets with group one 
(peat, Molinia) > group two (Calluna, Juncus) > group three (Calluna, Sphagnum). Figure 13 a) shows 
a graph of SUVA for all samples from the different DOC sources. Molinia produced DOC of a similar 
aromaticity to peat with a SUVA value of approximately three whilst the other vegetation types had 
lower levels of aromaticity. 
118 
 
 
Figure 13: a) SUVA value for all samples within the different DOC sources pre-coagulation, and b) SUVA 
value of pre-coagulation Molinia caerulea derived DOC produced under differing severities of drought (error 
bars at one standard error), p values indicate difference from control group using Dunnet’s test 
To investigate the source*drought interaction one-way ANOVAs were performed for drought effects 
on SUVA from each of the sources (Table 25) using a Holm-Šidák correction. 
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Table 25: ANOVA results testing the effect of drought on SUVA for different DOC sources. Significant effects 
(Holm-Šidák correction) are highlighted in bold with the ω2 estimate of effect size in brackets 
DOC source p value 
Peat 0.696 
Sphagnum 0.278 
Calluna 0.436 
Juncus 0.741 
Molinia 0.001 (0.546) 
 
Dunnet’s test suggested that both the moderate and severe drought treatments were significantly 
different than the control (p=0.026 and 0.015, respectively) with means of 2.15, 4.09 and 4.27 for 
the control, medium and severe treatment, respectively. Figure 13 b) shows a graph of SUVA for 
Molinia DOC from the different treatment groups. The SUVA value approximately doubles between 
the control treatment and the moderate and severe droughts suggesting a large climatic control on 
the production of aromatic DOC from Molinia litter. 
7.3.4 DOC removal efficiency 
The Tukey HSD test suggested that the mean values for DOC removal efficiency of the different 
sources fell into three subsets with similar means comprising group 1 (Juncus)> group 2 (Molinia, 
peat, Calluna)> group 3 (Calluna, Sphagnum) . The factorial ANOVA suggested no drought effects on 
removal efficiency (p=0.418). The removal efficiency for all samples from each DOC source is shown 
in Figure 14 a). Juncus DOC proved to be the easiest to remove via coagulation/flocculation with 
peat, Calluna and Molinia all relatively easily removed at just under 40%. Relatively poor removal 
was achieved for Sphagnum DOC (<30%) which may be attributable to the low SUVA and peak C 
measure also found. 
120 
 
 
Figure 14: a) DOC removal efficiency by coagulation/flocculation for different DOC sources, and b) SUVA 
reduction of different DOC sources (error bars at one standard error) 
7.3.5 SUVA removal efficiency 
The removal of aromaticity, measured by SUVA, is of interest in drinking water treatment as 
aromatic compounds are potential precursors to some of the regulated DBPs (Bond et al., 2011a). 
Large, aromatic compounds are selectively removed by coagulation/flocculation and as expected 
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good removal (>70%) was observed for most of the samples. The Tukey HSD test suggested that 
there were two subsets of DOC sources with similar means with group 1 (peat, Sphagnum, Molinia) > 
group 2 (Juncus, Calluna). As with the overall DOC removal efficiency, there were no drought effects 
on SUVA removal (p=0.475). Sphagnum DOC showed good removal of SUVA despite relatively poor 
removal of total DOC, suggesting the aromatic compounds present in the sample are easily removed 
but that a large pool of aliphatic compounds are also present and these are more difficult to treat by 
conventional means. A graph of SUVA removal efficiency by coagulation/flocculation is shown in 
Figure 14b). 
7.3.6 Correlations between measures of DOC quality and treatability 
A number of DOC quality indices based on absorbance and fluorescence measures were tested. Peak 
C, a humic-like fluorescence peak, showed the best correlation with removal efficiency while the 
ratio of humic-like to protein-like fluorescence (Peak C/T) gave a lower but still significant correlation 
coefficient. The magnitude of peak C values were in the order 
Juncus>Molinia>Calluna>peat>Sphagnum which is consistent with data on removal efficiency. The 
SUVA value showed the best correlation with SUVA removal efficiency, suggesting that DOC with a 
lower proportion of aromatic compounds (low SUVA value) contains aromatic compounds which are 
harder to remove by coagulation, possibly meaning they are either low molecular weight and/or 
hydrophilic. The correlation coefficients for the different quality and treatability parameters are 
shown in Table 26. 
Table 26: Spearman’s ρ for different DOC quality and treatability measures 
DOC quality measure Treatability measure Spearman’s ρ 
Peak C Removal efficiency 0.578, p<0.001 
Peak C/T Removal efficiency 0.268, p=0.007 
SUVA SUVA removal efficiency 0.445, p<0.001 
Specific Peak C SUVA removal efficiency 0.235, p=0.019 
 
7.3.7 Carbon and nitrogen content of litter starting material 
C:N analysis was undertaken on subsamples of the starting vegetation/soil, the results of which are 
show in Table 27. 
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Table 27: Carbon and nitrogen % and C:N ratios for homogenised starting material, mean of two replicates 
DOC source %C %N C:N 
Peat soil 56.6 1.8 29.9 
Sphagnum 41.5 0.4 93.7 
Calluna 51.4 0.9 56.5 
Juncus 43.7 1.0 42.1 
Molinia 44.0 1.2 35.7 
 
Correlations between litter C:N ratios and water extractable DOC have been reported elsewhere in 
the literature (Soong et al., 2014) so the subsample C:N ratios were tested against the water 
extractable DOC (mg g-1) of the control groups of each DOC source. This gave no correlation 
(Spearman’s correlation coefficient=0.043, p=0.838), however this was largely due to the peat soil 
which had a low C:N and also low extractable DOC, contrary to the trend in the vegetation samples. 
Removing the peat samples from the dataset gave a strong correlation (Spearman’s correlation 
coefficient=-0.884, p<0.001) suggesting C:N is a major control on DOC availability, as found by Soong 
et al. (2014), but this is not the case for peat soils. 
The C:N value found for the peat soil, at 29.92, is almost exactly the 30.05 average found in a global 
dataset of peatland soils (Aitkenhead and McDowell, 2000). The peat soil had the highest %N which, 
given that the peat soil is composed of the decaying vegetation above it, suggests preferential 
preservation of nitrogen containing compounds in peat, which has been noted elsewhere (Kalbitz 
and Geyer, 2002). Although the C:N content of soils has been shown to be a predictor of riverine 
DOC concentration (Aitkenhead and McDowell, 2000) the soil C:N and extractable DOC did not 
correlate when in a dataset including litter. The comparison between these results and those of 
Aitkenhead and McDowell (2000) and Soong et al. (2014) would suggest that while is possible to use 
C:N to compare DOC export between soils and between vegetation types it is not possible to use this 
measure for combined soil/vegetation datasets. 
7.3.8 Repetition of control group 
The data obtained from extracted DOC before and after the repeated simulation were analysed 
using student’s t-test (equal variances assumed, confirmed using Levene’s test) to assess whether 
the data were significantly different following five weeks of exposure to oxygen. The results of this 
analysis are shown in Table 28. 
123 
 
Table 28: results of t-tests for pre and post-incubation peat samples (significant differences highlighted in 
bold) 
Variable t test p value 
Extractable DOC (mg g-1) 5.685 0.005 
Fluorescence C/T 0.180 0.866 
Humification Index (HIX) 1.611 0.182 
E2:E3 2.139 0.099 
E2:E4 4.255 0.013 
SUVA (L mg m-1) 3.195 0.033 
 
Water extractable DOC increased significantly from 0.19 to 0.27 mg g-1, an increase of 41.6% which is 
similar to the original findings in this chapter. The SUVA value decreased at the end of the simulation 
from 3.62 to 2.85 L mg m-1 whilst the E2:E4 ratio increased from 6.07 to 7.51, which suggests a 
decrease in the level of aromaticity and humification, respectively, of the DOC. 
7.4.0 Discussion 
7.4.1 Water extractable DOC 
The amount of DOC extracted was much lower for the bryophyte Sphagnum, which is well known in 
the literature for producing litter which is recalcitrant to decay due to its high polyphenol content 
and numerous compounds with antimicrobial and antifungal effects (van Breemen, 1995). The other 
typically upland species, Calluna, produced the second least amount of DOC for the vegetation 
types, which also agrees with literature surrounding the recalcitrance of its litter (Aerts, 1995; Huang 
et al., 1998) and field studies suggesting areas of Calluna produce more porewater DOC than 
Sphagnum (A Armstrong et al., 2012). The two grassland species, Molinia and Juncus, produced 
much higher amounts of DOC per g of dry weight. This is in keeping with the growth strategy of 
these species, whereby they rapidly produce a large amount of above-ground biomass and produce 
litter which decays easily, providing a positive feedback to its strategy of rapid growth and fast 
nutrient cycling (Aerts, 1999; Mann and Wetzel, 2000). This growth strategy is in contrast to that of 
the upland species Calluna and Sphagnum, which have adapted to low nutrient availability and 
therefore grow slowly, have nutrient poor litter and invest fewer resources in material which cycles 
rapidly (Aerts, 1999). This hypothesis is supported by the C:N analysis which showed 
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Sphagnum>Calluna>Juncus>Molinia and was strongly correlated to available DOC for the vegetation 
samples. 
Nutrient deposition in the uplands, alongside climatic and land management pressures, has 
facilitated the encroachment of grassland species such as Molinia and Juncus into areas which were 
once dominated by peat forming Sphagnum and Calluna (Berendse, 1994; Berendse et al., 2001; 
Hogg et al., 1995). With increased nutrient availability Molinia and Juncus are able to out-compete 
the upland species by rapid growth and increased tolerance to drought through their large rooting 
systems (Heil and Bruggink, 1987; Loach, 1966; McCorry and Renou, 2003). Once established the 
grassland species can alter the biogeochemistry of peat to favour their fast nutrient cycling strategy 
(Gogo et al., 2010; Wießner et al., 2002), stimulate decomposition of peat through root exudates 
(Fenner et al., 2007) and decrease species diversity by shading other vegetation (Ervin and Wetzel, 
2002).  
Molinia encroachment is a well acknowledged problem in Europe (Chambers et al., 2007a; Heil and 
Diemont, 1983; Hughes et al., 2007; Milligan et al., 2004) and taken together with nitrogen 
deposition and a drier climate, may mean more grassland species in the UK uplands in the future. 
The results of this study suggest the transition from Sphagnum to Calluna to Molinia observed in a 
paleoecological study of the area nearby our Exmoor site (Chambers, 1999) may have increased DOC 
flux in the litter layer approximately four-fold on a gram per gram basis and likely much more, given 
the larger amount of litter produced by Molinia and Juncus versus the upland species (Aerts, 1999; 
Fenner et al., 2007; Mann and Wetzel, 2000). The much greater effect sizes for DOC source versus 
drought controls in this study and temperature and rainfall controls in previous work (Ritson et al., 
2014a) suggest that the vegetation source of the DOC may be the primary driver of DOC quantity 
and quality in peatlands, consistent with litter decomposition studies in boreal peatlands (Straková 
et al., 2011). This has important implications for overall soil carbon stability in peatlands as the 
addition of labile carbon from litter can stimulate the decomposition of older carbon (Fontaine et al., 
2007). 
Studies concerning litter production of DOC have given mixed results with Fenner et al. (2007), 
finding elevated CO2 caused a transition from Sphagnum to Juncus dominance on monoliths from 
flush peat which gave a 66% rise in DOC, attributed to an increase in above-ground biomass, more 
labile litter and stimulation of peat decomposition through root exudation. These findings are 
consistent with the present research, however Armstrong et al. (2012) found DOC concentrations in 
soil pore-water to be in the order Calluna>Sedges (mainly Eriophorum 
angustifolium)>Sphagnum>Molinia in a plot-scale study of blanket peat in Yorkshire, UK. The 
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contradictory results of Armstrong et al. (2012) may perhaps be explained either by the fact that 
their sampling occurred in June/July when Molinia stands would be growing rather than senescent 
and producing litter, or because of the complex relation between litter-layer DOC flux and soil pore-
water concentrations, meaning a simple source/sink relationship is not valid. Solubility controls on 
DOC, particularly those caused by sulphur and nitrogen deposition (Evans et al., 2012), may also play 
a role in field studies which would not be captured in this laboratory-based research. 
The results from the peat soil showed an interactive effect with the drought treatment with higher 
DOC flux observed at the mild and moderate severities. This finding is consistent with the ‘enzymatic 
latch’ hypothesis that increased oxygenation of peat engages a biogeochemical cascade whereby 
increased phenol oxidase activity ends the phenol-induced inhibition of hydrolase enzymes, thus 
increasing overall organic matter decomposition (Freeman et al., 2001b). No effect was observed 
with the severe drought treatment which may be explained by water scarcity limiting microbial 
activity (Toberman et al., 2008) and/or increased hydrophobic protection decreasing the flux on 
rewetting. The very low final water content of the severe treatment and observations of drying out 
and shrinkage of the peat mass throughout the experiment add weight to these possible 
explanations, although actual rates of microbial respiration were not monitored during the 
experiment. 
7.4.2 SUVA 
The SUVA value has been linked to the aromaticity of DOC (Weishaar et al., 2003) and is of interest 
as a predictor of coagulation removal efficiency and DBP formation (Matilainen et al., 2011) in water 
treatment. It is also a measure of the level of UV penetration in surface waters, which has ecological 
implications (Häder et al., 2007). The highest SUVA value was observed for the peat soil and Molinia 
litter, and the lowest value for the statistical subset of Sphagnum and Calluna. In a similar trend to 
DOC flux it appears that the grassland species produce DOC of greater aromaticity than the peatland 
species, again possibly explained by their lower resistance to decay allowing the breakdown and 
solubilisation of aromatic compounds. Molinia also showed an interactive effect with the drought 
treatment, with a greater flux of aromatic compounds at the moderate and severe treatments, 
suggesting dry conditions are favourable to the breakdown of aromatic compounds in Molinia litter.  
No drought effect was found for peat which is in contrast to field studies which have shown a 
decrease in aromaticity of DOC during drought due to solubility controls and an increase in 
aromaticity on rewetting (Evans et al., 2005; Scott et al., 1998; Watts et al., 2001; Worrall et al., 
2004). This may be partially explained by the fact that field studies have shown an increase in DOC 
aromaticity over many years, whereas this study examined a single rewetting event following 
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drought, so the altered biogeochemical controls on DOC aromaticity may not have had enough time 
to exert a significant effect. The laboratory conditions may also have played a part, as the control 
sample is likely to have been exposed to more oxygenation through sample collection and setup of 
the experiment than undisturbed peat in the field, therefore increasing its similarity to the 
treatment conditions. 
These results suggest encroachment of grassland species into the uplands will have increased DOC 
flux from the litter layer and also increased the aromaticity of exported DOC. The small effect size of 
drought for Molinia and the lack of an effect for peat suggests that the long-term effects of drought 
caused by water table drawdown identified elsewhere in the literature will likely be more important 
than the short-term effects studied here. 
7.4.3 DOC and SUVA removal 
DOC removal for all sources were typical of literature values (Matilainen et al., 2010), with Juncus 
DOC proving the easiest to remove and Sphagnum DOC the hardest. Although DOC removal was 
greater in the vascular plants compared to Sphagnum this was not enough to compensate for the 
much higher overall DOC production from these vegetation types. SUVA removal for Sphagnum was 
high despite its lower removal of total DOC, suggesting effective removal of aromatic compounds 
which are potential DBP precursors with similarly effective removal observed for peat and Molinia 
DOC. 
The removal efficiency could best be explained by the Peak C fluorescence index, suggesting 
predominantly humic substances were controlling DOC removal. This is in contrast to our previous 
work which found the ratio of humic to protein-like DOC to be the most important factor (Ritson et 
al. 2014b, Chapter 5). Our previous work used DOC collected throughout a two-month simulation 
rather than a single re-wetting event at the end. The samples in previous work will likely have 
undergone microbial processing during the simulation and therefore an increase in the importance 
of autochthonous DOC, hence the greater importance of the fluorescence measure of protein-like 
DOC. 
Repeating the control condition and measuring DOC production and quality parameter allowed an 
estimate of the effect of oxygen exposure for peat samples. This showed a decrease in SUVA value 
and humification (E2:E4) as well as a large increase in extractable DOC. The changes in quality 
parameters may provide an explanation of why poorer removal by coagulation was achieved 
following the drought experiment (Chapter 7) and temperature/rainfall manipulation (Chapter 5) 
compared to the optimisation experiments in Chapter 4. The peat that had been exposed to oxygen 
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produced less aromatic and less humified material which is likely to be less easy to remove by 
coagulation (Bond et al. 2011). 
7.5 Summary of principal findings 
The results of this research suggest that the encroachment of grassland species such as Molinia and 
Juncus into ombrotrophic peatlands has likely caused increased DOC flux from peatland litter and 
released DOC with higher aromaticity and humic-like character. More DOC reaching surface waters 
will increase costs of drinking water treatment through coagulant demand and sludge production. 
This will likely continue to cause problems as climate change and continued nitrogen deposition may 
favour these species. Although the DOC produced may be easier to remove via 
coagulation/flocculation this will not offset the much greater flux of DOC caused by both higher DOC 
production on a gram per gram basis and the much higher litter production of the grassland species. 
This is brought about by the growth strategy of the grassland species, which are adapted to good 
nutrient availability and therefore rapidly cycle nutrients and produce large amounts of relatively 
labile litter.  
Drought effects on DOC production have been shown to increase flux from peat sources, likely due 
to the ‘enzymatic latch’ mechanism, and to increase the aromaticity of Molinia DOC. Oxygenation of 
peat appears to greatly increase extractable DOC whilst also decreasing the aromaticity and 
humification of the DOC which may mean it is more difficult to remove at the treatment works. The 
drought effect on the vegetation, however, was small in comparison to the variations between the 
different DOC sources, suggesting that vegetative change in peatlands may be the strongest driver 
on future DOC quality and flux from the litter layer. The much lower DOC production from 
Sphagnum than Molinia and the increase in DOC flux from peat during drought provide support for 
catchment management programmes seeking to raise peatland water tables and (re)establish 
Sphagnum dominance. 
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Chapter 8: Biodegradable dissolved organic fraction (BDOC) of peatland 
sources 
 
8.1 Introduction 
Dissolved organic carbon (DOC) imparts taste, odour and colour in drinking water and so must be 
removed. Any DOC which remains may serve as a substrate for microbial growth in the distribution 
system (Rodriguez and Sérodes, 2001) and can react during disinfection to form disinfection by-
products (DBPs) (Rook, 1974) which may have health implications (Nieuwenhuijsen et al., 2009). The 
concentration and treatability of DOC in surface waters may change in the future because of climate 
change, recovery from catchment acidification, management practices and other processes 
(Eikebrokk et al., 2004; Evans et al., 2007; Freeman et al., 2001b; SanClements et al., 2012). A 
number of authors have focussed on the treatability of DOC produced by different vegetation or soil 
sources (Gough et al., 2013; Reckhow et al., 2007; Ritson et al., 2014a; Tang et al., 2013), influenced 
in part by suggestions that climate change may alter dominant vegetation types in source 
catchments (Fenner et al., 2007; Weltzin et al., 2003).  
Recent work, however, has suggested that lakes with larger residence times have the ability to act as 
a buffer to changing DOC, partly negating increases in concentration and colour by mineralising 
carbon through microbial and photolytic routes (Hanson et al., 2011; Köhler et al., 2013). Hanson et 
al. (2011) suggested that lakes with residence time of less than one year exported 60% of influent 
carbon whereas lakes with greater than six years residence time mineralised 60% of carbon input. 
This led to a suggestion by Rossel et al. (2013) that there is a degree of homogeneity between DOC 
sources once processing has occurred. Rossel et al. used Fourier-transform ion cyclotron resonance 
mass spectrometry (FT-ICR-MS) to show that 44% of chemical formulae were identical between a 
deep sea DOC source and leachate from Juncus effusus that had undergone 1.25 years of microbial 
and photolytic processing. These findings lead into the idea of a ‘river as a chemostat’, which 
suggests that as river order increases the variation in DOC concentration and quality decreases 
(Creed et al., 2015). This research implies that the influence of changing vegetation in headwater 
streams may have a lesser influence on downstream river water quality due to internal 
biodegradation in the river. 
The biodegradable fraction of DOC (BDOC) has been used as a measure of the persistence of DOC 
within a catchment and its ability to support bacterial growth in water distribution systems, because 
it demonstrates how much DOC can be mineralised by heterotrophic bacteria given idealised 
conditions (Reckhow et al., 2007). Peatland sources of DOC are of interest because these types of 
129 
 
catchment generally yield high levels of DOC (Aitkenhead et al., 1999) and the ease of removal of 
this DOC by coagulation is decreasing (Worrall and Burt, 2009). In these catchments DOC in surface 
waters has been shown in isotopic studies to be of relatively young age, suggesting decaying 
vegetation and fresh peat are an important source (Palmer et al., 2010). A study of Finnish peatlands 
found that undistrubed sites produced DOC of on average 6-13 years old whereas distrubed sites 
released DOC of around 1,553 years old and noted that there was no difference in BDOC between 
these ages of DOC (Hulatt et al., 2014). This may suggest that humic substances are similarly 
recalcitrant to microbial degradation, independent of their age. This would agree with suggestions 
that around 30% of humic substances are available for microbial utilisation due to cleavage of 
weakly bound carbohydrates and peptides (Steinberg, 2013). Litter leachates in general, however, 
have been shown to be relatively labile with studies reporting values from 10 to 90% loss during 
BDOC measurement (Fellman et al., 2013; Hur et al., 2009; Wickland and Neff, 2007), with older, 
more degraded litter generally producing proportionally more DOC that is more recalcitrant to 
microbial degradation (Don and Kalbitz, 2005). 
The results of previous chapters have highlighted the differences in DOC quality between peatland 
and grassland sources, however it is unclear whether these changes are still evident after microbial 
processing has occurred. The proportion of BDOC from different peatland DOC sources was used to 
assess the likely influence of different vegetation or soil sources on DOC quantity and quality at the 
catchment scale. This experiment aimed to answer the following research questions: a) do peatland 
DOC sources differ in their biological stability? and b) what implications does this is have for changes 
in vegetation dominance due to i) climate change and ii) catchment management? 
8.2 Methodology 
Calluna, Sphagnum, Juncus, Molinia and a peat soil were collected from an upland blanket bog in 
July 2015 from Dartmoor National Park at field sites close to Postbridge (50°6’N; 3°90’W), detailed in 
section 3.1.2 of the methods chapter. Samples of senesced litter were collected and peat soil was 
taken from a depth of 5-15 cm using a screw auger. The peat soil was approximately H6 on the Von 
Post scale (von Post, 1922) suggesting reasonably well humified material with some plant structures 
remaining, mainly Molinia roots which had colonised the Sphagnum bogs. Effort was made to 
remove larger roots from the peat sample though some finer roots remained. Litter for Sphagnum 
was defined as in section 3.1.0 of the methods chapter, taking the section 2-4 cm below the tip of 
the capitulum to be representative of recently senesced litter, as in other studies (Aerts and Wallén, 
2001; Bragazza et al., 2007).   
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The vegetation samples were prepared by air-drying and cutting to a 2 cm length. The peat soil was 
not air dried as the experiment aimed to approximate DOC export from peat in its normal infield 
anoxic condition. The peat was transported from the site in air-tight bags in a chiller and kept in the 
dark at 4 oC until use, which was approximately four days.  
Approximately 5 g of vegetation and 10 g of peat soil were extracted with reverse osmosis-treated 
water at a 1:20 ratio. The extractions were performed on a shaker table set at 100 rpm for 24 hours 
at 20 ±1 oC. Samples were filtered using pre-combusted GF/F filters and stored in amber glass in the 
dark at 4 oC until use. BDOC analysis was started within two days of extraction so that minimal 
mineralisation or microbial processing occurred in the chilled samples (Peacock et al., 2015). BDOC 
analysis was completed as per section 3.11.0 of the methods chapter using five DOC samples from 
each source and two replicates per sample, with two dextrose controls to test the activity of the 
inoculum, meaning 52 tests in total. Samples were incubated for seven days at 20 oC. UV absorbance 
and fluorescence was measured prior to incubation and UV absorbance was measured again post-
incubation. Fluorescence was not attempted post-incubation as transport for offsite analysis would 
have added an extra day to the incubation time. Data for percentage loss were normally distributed 
(Shapiro-Wilk p<0.05) and the variance was found to be homogenous (Levene’s test, p>0.05) so were 
analysed untransformed in an ANOVA. 
8.3 Results 
The results indicate a significant effect of source material on loss of DOC (ANOVA F=147.92, p<0.001, 
ω2=0.959) with a Tukey post-hoc test suggesting all sources have different means at the p<0.01 level, 
except Juncus-Molinia which were significantly different at the p<0.05 level. Mean values for loss of 
DOC were in the order Sphagnum>Calluna>Juncus>Molinia>peat and are shown in Figure 15. 
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Figure 15: % loss of DOC on seven day incubation with added nutrients and standardised inoculum for 
different DOC sources 
 
A number of DOC quality parameters from UV and fluorescence data correlated with the percentage 
loss of DOC during the incubations, shown in Table 29. Generally the indicators of aromatic, humic-
like DOC correlated negatively with percentage loss. The parameters linked to lability of DOC, such 
as peak T and decreasing molecular weight from E2:E3, showed positive correlations. Many of these 
parameters, e.g. the specific peak C, HIX and SUVA values, correlated with each other (SUVA to 
specific C Spearman’s ρ=0.781, p<0.001, SUVA to HIX Spearman’s ρ=0.672, p<0.001) and therefore 
provide similar information on the aromatic, humic-like components of DOC.  
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Table 29: Correlation coefficients for DOC quality parameters and loss of DOC during incubation 
Parameter Spearman’s ρ 
SUVA -0.978, p<0.001 
Peak T 0.820, p<0.001 
E2:E3 0.688, p<0.001 
Specific peak C -0.682, p<0.001 
HIX -0.653, p<0.001 
 
These values agree with previously reported correlations between BDOC and protein-like 
fluorescence (Fellman et al., 2009; Hur et al., 2009) and the hydrophilic fraction of DOC (Wickland et 
al., 2007) as well as negative correlations with SUVA (Fellman et al., 2009). Although it seems 
possible to measure the labile fraction directly through the peak T fluorescence measure, better 
correlations were found by monitoring the fraction that was recalcitrant to microbial degradation, 
using relative aromaticity via the SUVA value; this is shown in Figure 16. 
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Figure 16: Correlation between pre-incubation SUVA and % loss during incubations for the different DOC 
sources (Spearman’s ρ=-0.978, p<0.001) 
All sources had significant increases from pre-incubation values of SUVA and decreases in E2:E3 and 
E2:E4 UV indices tested using the Wilcoxon signed rank test (p<0.05), except for peat which did not 
significantly change in E2:E4 during the incubation (p=0.50). This suggests preservation of aromatic 
compounds (increase in SUVA) and well humified compounds (decrease in E2:E4) of higher 
molecular weight (decrease in E2:E3), again fitting with suggestions that only around 30% of humic 
compounds are vulnerable to microbial degradation (Steinberg, 2013). Microbial production of 
aromatic compounds has been noted during BDOC incubations of litter leachate (Hur et al., 2009) 
and may have contributed to the increase in SUVA in these experiments. 
An increase in homogeneity between DOC sources after incubation has been noted previously (e.g. 
Rossel et al. 2013). In these experiments the SUVA value increased with seven day’s incubation for 
all sources and meant that some sources were no longer significantly different when tested with a 
Tukey post-hoc. The post-incubation SUVA values were similar for Calluna-Juncus comparison as well 
134 
 
as Juncus-Molinia (Figure 17). This was also noted in a decrease in effect size of DOC source on SUVA 
values before and after incubation. The ω2 estimate of effect size decreased from 0.982 before 
incubation to 0.914 post-incubation, although the large SUVA value for Sphagnum may be keeping 
the effect size higher given the similarity between Calluna-Juncus-Molinia (Figure 17). It is worth 
noting that the vegetation types currently being encouraged through catchment management, 
Sphagnum and peat, had significantly different SUVA values post-incubation than the vascular plant 
sources (average SUVA 7.2 ±0.4 for Sphagnum-peat versus an average of 3.9 ±0.1 for Molinia-
Juncus). 
 
Figure 17: SUVA values for DOC sources before and after BDOC incubations. Numbers indicate 
statistically similar groupings pre-incubation and letters indicate statistically similar groupings 
post-incubation 
The E2:E3 value, where lower values indicate higher molecular weight of humics, decreased for all 
sources except peat, resulting in a much greater degree of homogeneity between sources (Figure 
18). A large decrease in effect size was noted in pre- and post-incbation ANOVA with the ω2 value 
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falling from 0.936 to 0.545. Molinia and Juncus, the grassland species currently encroaching on 
marginal peatlands, had higher E2:E3 value post-incubation. Sphagnum, Calluna, Molinia and peat all 
had similar E2:E3 values, possibly suggesting that the size fraction of humic compounds which are 
recalcitrant to microbial degradation is relatively independent of source.  
 
 
Figure 18: E2:E3 values (indicative of molecular weight) for DOC sources before and after BDOC 
incubations. Numbers indicate statistically similar groupings pre-incubation and letters indicate 
statistically similar groupings post-incubation 
The E2:E4 value, which suggests increasing humification with lower values, decreased for all samples 
except peat, suggesting a general change in quality of DOC with a reduced difference in measured 
values meaning sources are more similar post-incubation. This could have arisen from either the 
formation of humic compounds during the incubation or the preferential mineralisation of non-
humic compounds such as carbohydrates and peptides. The E2:E4 value was the only measure of 
DOC quality which increased source effect size pre- and post-incubation with the ω2 value increasing 
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from 0.757 to 0.836; however this may be partly due to a large decrease in the error in the ANOVA 
model which is used to compute the ω2 value. Post-incubation Sphagnum, Calluna and peat had 
similar E2:E4 suggesting a similar degree of humification, whereas the grassland species, Molinia and 
Juncus, had values indicative of significantly less humified DOC (Figure 19). 
 
Figure 19: E2:E4 values (indicative of humification) for DOC sources before and after BDOC 
incubations. Numbers indicate statistically similar groupings pre-incubation and letters indicate 
statistically similar groupings post-incubation 
8.4 Discussion 
There have been suggestions of homogeneity between sources of DOC following microbial 
processing (Rossel et al. 2013) and although this has been noted here, these results also suggest that 
there are still differences in UV quality parameters between the typical peatland DOC sources (peat, 
Sphagnum and Calluna) and the encroaching grassland species, Molinia and Juncus. This is significant 
for future climate change because it suggests that even after microbial processing, differences will 
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remain between the current DOC sources in the catchment and those which may be more prevalent 
in the future. The post-incubation Molinia and Juncus samples had SUVA and E-ratios indicative of 
lower molecular weight, less humified and less aromatic DOC which are factors likely to result in 
poor removal by coagulation/flocculation (Bond et al. 2011). The large difference in persistence 
between Sphagnum/Calluna and Juncus/Molinia would also suggest more DOC remaining in surface 
waters if climate change leads to a shift in species diversity towards graminoid/sedge dominance. 
Sphagnum DOC showed very large losses, which has also been noted elsewhere (Wickland and Neff 
2007). Although Sphagnum litter is normally considered to be recalcitrant to decay, with a low C:N 
value and high polyphenol content, Fellman et al. (2013) found high mineralisation from DOC 
extracted from similarly recalcitrant material (Eucalyptus leaves) and attributed this to the less 
inhibitory phenolic compounds, such as gallic acid, which may support bacterial growth. This 
hypothesis is supported by McArthur and Richardson (2002) who found bacterial growth to correlate 
with polyphenol concentration in incubations of litter leachate. The results presented here, and by 
Fellman et al. (2013) and McArthur and Richardson (2002), would therefore suggest that although 
Sphagnum litter itself is recalcitrant to decay, the polyphenols and overall DOC which it releases are 
highly labile, at least when removed from the anoxic conditions present in peat and not stabilised in 
the soil. This suggests that the flux of DOC from Sphagnum litter is highly unstable and likely to 
decrease rapidly when present in surface waters. This may be seen as positive from a water 
treatment perspective as much of the DOC from Sphagnum in surface waters may be mineralised 
before it reaches the treatment works and that which remains is likely to be easily removed via 
coagulation/flocculation due to its high aromaticity and molecular weight.  
These results agree with previous findings that litter produces highly labile DOC (Fellman et al., 2013; 
Hur et al., 2009; Wickland and Neff, 2007) with peat proving to be significantly more recalcitrant. 
Although there were very high losses of DOC compared to studies of UK headwater streams (e.g. 
Stutter et al., 2013) it must be taken into account that stabilisation of litter leachate occurs in soil 
horizons (Müller et al., 2009), the standard BDOC protocol offers idealised temperature and nutrient 
conditions, that these tests were performed on freshly senesced vegetation, and that BDOC 
decreases with litter age (Don and Kalbitz, 2005). It has been noted that carbon use efficiency of 
bacteria is lower when using peat sources of DOC over autochthonous sources (Fasching et al., 2014) 
which may also partially explain the high rate of mineralisation. The results do, however, broadly 
agree with estimates of total catchment losses of DOC through in-stream biodegradation which have 
been estimated at 48-69% across a 818 km2 UK moorland catchment (Moody et al., 2013). Also, 
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results from stream waters in a Scottish Calluna moorland suggested a BDOC content between 5-
19% (Stutter et al., 2013).  
Photolytic processes were not examined in this experiment, as preliminary work showed net 
increases in DOC which therefore made attribution between DOC from the litter/soil source and that 
produced during the experiment difficult. Net photic production during BDOC incubations has been 
noted elsewhere in the literature and has been attributed to either release of DOC from particulate 
organic carbon (POC) or incorporation of CO2 (Moody et al., 2013). Exposure of leaf leachate to light 
has been shown to increase bacterial growth efficiency, therefore decreasing mineralisation of DOC 
(Attermeyer et al., 2014), which may be a further explanation why increases in DOC were observed.  
The photodegradation of humic substances gives only a small change in 13C-NMR signal with some 
cleavage of fatty acids, which are readily used by the microbial community, increasing potential 
BDOC (Wetzel et al., 1995). Amado et al. (2014) suggest that exposure of DOC to light can also have 
negative impacts for microbial activity, as the reactive oxygen species generated can oxidise 
aromatic amino acids which are energetically expensive for bacteria to produce, resulting in a 
decrease in growth efficiency. As amino acid oxidation is more of a problem for autochthonous than 
allochthonous DOC (Amado et al., 2014), this effect is likely to be small, so an increase in BDOC 
would be expected had the samples been exposed to light. 
8.5 Summary of principal findings 
Bacterial processing of DOC leads to large losses through mineralisation, resulting in increased 
tendency towards homogeneity between different sources. There are, however, still significant 
differences in aromaticity, molecular weight and degree of humification between typical peatland 
sources and DOC from grassland sources. These results suggest that if nitrogen deposition, land 
management and climate change cause an increase in prevalence of Juncus and Molinia in UK 
uplands, changes in DOC quantity and quality will still be observed even after microbial processing 
has occurred. The lower aromaticity and molecular weight of the microbially processed DOC from 
grassland sources suggests it may be more difficult to treat with conventional 
coagulation/flocculation processes and therefore provides further evidence in support of catchment 
management to encourage Spahgnum prevalence and peat formation. Sphagnum has been shown 
to produce DOC which is highly labile, resulting in very low DOC concentrations with a high level of 
aromaticity. This is a positive point for drinking water treatment as higher mineralisation in the 
catchment will lead to lower coagulant demand and sludge production. The Sphagnum DOC 
remaining after microbial processing is of high molecular weight and highly aromatic, properties 
which make treatment via coagulation/flocculation effective. Future work is still needed on 
modelling or calculating residence times in the various carbon pools within the catchment and 
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therefore the amount and degree of microbial processing of DOC which reaches the treatment 
works. This study has not included photolytic processes and this remains an area for future work.  
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Chapter 9: From laboratory to field decomposition: litterbag study 
using a natural gradient to simulate future climate 
 
9.1 Introduction 
The experimental data presented in previous chapters has demonstrated DOC source (i.e. vegetation 
type) to be more important than temperature and rainfall conditions for DOC quantity and quality in 
laboratory scale studies. However, the scaling up of laboratory findings of DOC flux to catchment 
scale is complex, particularly as the dominant driver of variability can change when moving from 
controlled laboratory conditions to the field (Preston et al. 2011). While laboratory studies allow the 
isolation and manipulation of single variables, such as temperature and rainfall as in chapter 5, some 
complexity is lost. Gradient studies have been widely used amongst ecologists as a ‘natural 
laboratory’ in which the effect of changing climate can be explored using a ‘space for time’ 
substitution.   
One approach to study litter decomposition in the field is to use litterbags. Researchers have 
positioned litterbags at similar sites across an altitudinal gradient and thus used natural variations in 
temperature and precipitation as treatments through which to study variations in decomposition 
(Bragazza et al., 2015; Harrison et al., 2008). This approach has been replicated for this experimental 
work using a series of sites near Postbridge in Dartmoor National Park, UK which were instrumented 
with temperature and water-table monitoring by the University of Reading (Michael Bell, personal 
comm.). The sites give an approximate 1.3 0C difference in temperature across ~160m change in 
altitude, which is similar to near-term projections for temperature increases brought about by 
climate change (Jenkins et al. 2009). The sites therefore offer an opportunity to simulate the effect 
of climate change on litter decomposition and DOC production under field conditions. The goal of 
this experimental work was therefore to test the hypotheses that: a) vegetation source is the 
dominant factor in controlling DOC flux when considered under field conditions, and b) whether 
warming of ~1 0C affects litter decomposition and DOC flux to an extent which can be detected 
above natural variation.  
9.2 Methods 
Samples of representative vegetation (Calluna vulgaris, Juncus effusus, Molinia caerulea and 
Sphagnum spp.) were collected from the Dartmoor site (50°6’N; 3°90’W) in September 2014, 
described in section 3.1 of the methods chapter. Due to the difficulty in retaining soil samples in 
litterbags only vegetation has been considered in this study. As the Calluna samples collected 
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contained a large proportion of flowers, a secondary experiment was performed exploring the 
elemental composition and extractable DOC from both Calluna twigs and flowers. 
The vegetation was air-dried to a constant weight and then processed as described in section 3.1 of 
the methods chapter. Litterbags were filled with approximately 3 g vegetation for all types except 
Sphagnum as 1 g was sufficient to fill the litterbag due to its low density. The bags were sealed by 
double stitching with Nylon thread.  
Three sites were selected along the altitudinal gradient: site 2 at an elevation of 365 m above sea 
level, site 5 at 503 m and site 7 at 528 m (Bell et al., 2014). Seven sites were instrumented along this 
altitudinal gradient, however only three were used in this study. Summaries of temperature at 5 cm 
depth and depth to water table for the months leading to the two month and ten month collection 
are shown in Table 30. 
Table 30: Summary mean temperature and water table data (with ranges in brackets) for Dartmoor sites 
used in litterbag experiments 
Site Temperature at 5 cm (oC) Depth to water table (m) 
Two month 
collection 
Ten month 
collection 
Two month 
collection 
Ten month 
collection 
2 (365 m asl) 8.75 (15.58 - 1.64) 10.25 (19.82 – 0.88) 0.03 (0.00 – 0.06) 0.05 (-0.02 – 0.14) 
5 (503 m asl) 8.08 (15.58 – 1.18) 8.89 (18.51 – 0.16) 0.09 (0.01 – 0.23) 0.12 (0.00 – 0.23) 
7 (528 m asl) 8.03 (14.41 – 1.59) 8.85 (18.13 – 0.66) 0.08  (0.04 – 0.35) 0.11 (0.01 – 0.35) 
 
The sites did not show as much difference in temperature or water table depth as expected with 
sites 5 and 7 having similar values for both variables. There was, however, a reasonably large 
difference between the higher sites (5 and 7) and site 2, the lowest site (Table 30). At each site 
litterbags were installed to allow two collections, one at two-months (December 2014) and one at 
ten-months (August 2015). These lengths were chosen to allow comparison to the experimental 
work in chapter 5, which was also two-months of decomposition, and for a longer term experiment 
which would experience summer conditions when temperature and microbial activity is higher 
(Bonnett et al., 2006; Worrall et al., 2004).  
Five replicates of each vegetation type were installed at approximately 10 cm depth, below the 
actively growing vegetation and so thus in the litter layer. Replicates were placed at random 
locations in a 2x2 m grid at each site and five replicates per vegetation type were also installed and 
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then immediately retrieved to assess the error in mass loss measurement, as described in section 
3.1.3 of the methods chapter. The litterbags were retrieved after the decomposition period and 
transported to the laboratory where analysis of mass loss and water extractable DOC was 
undertaken. DOC quality was assessed using UV measurements as well as fluorescence (sections 3.6 
and 3.7 of the methods chapter). No treatment data (removal via coagulation/flocculation or DBP 
formation) could be collected due to instrument failure (GC-ECD) and unreliable results (faulty pH 
probe affecting coagulation conditions). 
The resulting data on mass loss, water extractable DOC and DOC quality parameters were analysed 
using an analysis of co-variance (ANCOVA) model. The vegetation type and temperature were used 
as factors with depth to water-table as a covariate. 
To assess the impact of the flowers of Calluna vulgaris on DOC flux from litter, samples were 
collected from the Dartmoor sites in August 2015. On return to the laboratory the samples were 
separated into the flower capsules (as defined by Cormack and Gimingham, 1964) and small twigs 
using standard soil sieves to retain the twigs. After separation the samples were homogenised and 
extracted for DOC which was then analysed for UV and fluorescence properties. A subsample of the 
different types of Calluna litter was prepared by oven drying at 60 oC and then grinding in a Tema 
ball mill. These samples were then analysed in duplicate for C and N content. 
9.3.0 Results 
The data from both the two and ten month litterbag collections were treated in an ANCOVA model 
using vegetation source and temperature as factors with depth to water table as a covariate. The 
results of this analysis are shown in Table 31. As in previous chapters the source of DOC gave the 
largest effect sizes, demonstrated using the ω2 measure, for DOC quantity and quality parameters. 
Only the SUVA value, indicative of the aromaticity of the DOC, showed significant terms in the model 
for temperature and water table variables at the two-month time period. Although significant, these 
terms were of smaller effect size than the vegetation source of the DOC. 
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Table 31: Results of ANCOVA model for litterbag data (significant terms in the model are highlighted in bold) 
Collection Factor Mass loss DOC SUVA Peak C/T HIX 
Two 
month 
collection 
Vegetation F=126.30, 
p<0.001, 
ω2=0.835 
F=14.60, 
p<0.001, 
ω2=0.407 
F=6.83, 
p=0.001, 
ω2=0.186 
F=0.40, 
p=0.753 
F=36.87, 
p<0.001, 
ω2=0.681 
Temperature F=0.30, 
p=0.584 
F=0.02, 
p=0.905 
F=11.25, 
p=0.002, 
ω2=0.109 
F=0.15, 
p=0.698 
F=0.98, 
p=0.328 
Vegetation x 
Temperature 
F=0.35, 
p=0.706,  
F=1.00, 
p=0.439 
 
F=0.46, 
p=0.771 
F=0.41, 
p=0.870 
F=0.69, 
p=0.661 
Ten 
month 
collection 
Vegetation F=196.23, 
p<0.001, 
ω2=0.827 
F=8.02, 
p<0.001, 
ω2=0.295 
F=27.50, 
p<0.001, 
ω2=0.608 
F=10.88, 
p<0.001, 
ω2=0.320 
F=15.29, 
p<0.001, 
ω2=0.365 
Temperature F=0.11, 
p=0.739 
F=3.08, 
p=0.088 
F=0.83, 
p=0.370 
F=4.04, 
p=0.052 
F=1.00, 
p=0.325 
Vegetation x 
Temperature 
F=0.792, 
p=0.582 
F=0.46, 
p=0.831 
F=1.05, 
p=0.413 
F=2.89, 
p=0.021, 
ω2=0.122 
F=5.53, 
p<0.001, 
ω2=0.231 
 
9.3.1 Mass loss and extractable DOC 
Between the first and second litterbag collections increased decomposition of the samples was 
generally observed, resulting in an increased amount of extractable DOC, as can be seen in Figure 
20. 
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Figure 20: Litterbag mass loss (a) and extractable DOC (b) for the first and second collections (an * indicates 
that the second collection was significantly different from the first). 
Sample mass loss was strikingly different between vegetation types with Sphagnum losing the least 
% mass whereas the vascular plants all lost over 20% over the ten month period. Only Sphagnum did 
not show a significant increase in mass loss between the two collections which may be explained by 
its well documented decay resistance (van Breemen, 1995). At the ten month collection all 
vegetation types had significantly different mass loss at the p=0.01 level except the Juncus-Molinia 
comparison, which were statistically similar. The extractable DOC from the samples showed smaller 
differences between the vegetation types as only Molinia had a significantly higher value (p<0.01). 
All samples, however, had significantly more extractable DOC at the ten months versus the two-
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month collection. In previous chapters Sphagnum samples have produced lower amounts of DOC on 
a mg g -1 basis, however this was not observed in this case and Calluna, Juncus and Sphagnum all 
gave similar values. 
9.3.2 DOC quality measures 
DOC quality was measured through UV and fluorescence parameters. The SUVA value did not vary 
much between the two and ten month collections with only Sphagnum giving more significantly 
more aromatic DOC (p<0.001) from the second collection. The values of SUVA observed were similar 
to those found in Chapter 4 which used fresh litter material. Both Juncus and Sphagnum had 
significantly higher fluorescence peak C/T ratios (p=0.001 and p<0.001, respectively) suggesting 
proportionally more humic-like compounds being released in the more degraded samples. The DOC 
quality parameters at the two collections are shown in Figure 21. 
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Figure 21: Litterbag DOC SUVA value (a) and fluorescence peak C/T (b) for the first and second collections 
(an * indicates that the second collection was significantly different from the first) 
After ten month’s decomposition Juncus, Molinia and Sphagnum all had similar SUVA values 
whereas Calluna was significantly lower (ANOVA with Holm-Šidák correction, p<0.01). For the peak 
C/T values Calluna and Molinia had similar means as did Juncus and Sphagnum, however these 
groups were significantly different from each other (ANOVA with Holm-Šidák correction, p<0.01). 
These two results suggest that at the stages of decomposition observed in the vegetation there were 
smaller differences in DOC quality than in previous chapters (e.g. Chapter 4).  
At the two month collection site was a significant parameter in the ANCOVA model for SUVA value 
(see Table 31), suggesting effects of climate on the resulting DOC quality parameters. There was, 
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however, no interaction between vegetation source and site (p>0.05) suggesting that the effect of 
site acts equally across all of the vegetation types. The differences between SUVA values at the sites 
can be seen in Figure 22, which shows a significantly higher SUVA value at the highest site.  
 
 
Figure 22: SUVA value at different sites across all vegetation types at the two month collection (letters 
denote statistically similar sites) 
An interactive effect was also noted (Table 31) at the ten month collection for the peak C/T and 
humification index fluorescence measures. These were further explored using multiple one-way 
ANCOVAs with a a Holm-Šidák correction to control the inflation of type one error (Holm, 1979; 
Šidák, 1967). This suggested that Juncus litter gave DOC with a significantly higher peak C/T and 
humification index at site 7 compared to site 2 (p<0.05) and that Molinia litter also produced DOC 
with a greater humification index at site 7 versus site 2. This seems to fit with the finding of higher 
aromaticity (SUVA value) at site 7 in the two month collection, suggesting increased aromatic and 
humic-like character of DOC from litters at this site. Site 7, the highest site along the altitudinal 
gradient, had a greater depth to water table and lower temperature than the lowest site (see Table 
30).  
9.3.3 Calluna twigs versus flowers 
The flowers were found to produce 19.8% more DOC on a mg g-1 basis (t=3.107, p=0.021) and this 
DOC was of a higher SUVA value (t=15.824, p<0.001) and higher fluorescence C/T ratio (t=4.386, 
p=0.005). The carbon and nitrogen analysis is shown in Table 32. 
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Table 32: Carbon and nitrogen % as well as DOC and SUVA values for Calluna vulgaris flowers and twigs, ± 
one standard error 
Vegetation type %C %N C:N DOC (mg g-1) SUVA (L mg-1 m-1) 
Calluna flowers 49.52 ± 1.02 1.00 ± 0.03 49.41 ± 0.40 19.5 ± 0.24 1.13 ± 0.04 
Callluna twigs 50.46 ± 0.15 0.77 ± 0.01 65.83 ± 0.34 16.4 ± 1.26 0.61 ± 0.11 
 
9.4.0 Discussion 
9.4.1 Litterbag experiments 
For all measured parameters for both litter DOC quantity and quality the ω2 effect size from the 
ANCOVA model for the type of litter was greater than the covariates dealing with temperature and 
depth to water table. Significant effects of temperature were noted for the SUVA value after two 
months and on peak C/T and HIX after ten months for Juncus and Molinia. The increase in SUVA and 
fluorescence indices at the highest site may be due to the greater depth to water table allowing 
more oxygenation and thus the stimulation of decomposition, as observed in other litter 
decomposition studies (Toberman et al., 2008). This seems unlikely to be the only cause, however, 
as although the depth to water table at site 7 was greater than site 2, it was actually lower than at 
site 5 (see Table 30). If increased oxygenation was the correct hypothesis it would therefore be 
expected that site 5 would have the highest values rather than site 7. Chapter 5 showed very little 
abiotic effect of temperature on DOC quality parameters and so is unlikely to cause the observed 
differences. As the difference in mean soil temperature between sites 5 and 7 is very small (0.05 oC) 
it seems possible that either a combination of effects is occurring or unmeasured parameters, such 
as soil nutrient concentrations or differences in microbial community, are also exerting an influence. 
By the ten month collection the amount of extractable DOC had increased, however the differences 
between the vegetation types had decreased with only Molinia producing significantly more than 
the other litter types. This is contrary to findings in earlier chapters but may perhaps be explained by 
fitting the results in to conceptual models of litter decomposition, as proposed by Soong et al., 
(2015) and Don and Kalbitz, (2005). Don and Kalbitz (2005) showed that litter DOC flux from 
decomposing litter goes through a number of stages: in the first stage fresh litter has high 
extractable DOC per g due to soluble compounds being released, in the second stage this reserve is 
exhausted and DOC per g of litter decreases rapidly, and in the final stages DOC per g increases again 
once the litter has decomposed beyond around 20% mass loss as the leaf tissues break down and 
allow more DOC to be released. This can be seen in Figure 23, plotted from data from Don and 
149 
 
Kalbitz (2005). This shows an initially high level of extractable DOC at low decomposition (phase 1), a 
period of lower DOC after moderate levels of mass loss (phase 2) and finally a period of high DOC 
after 20% mass loss is reached (phase 3). 
 
Figure 23: Extractable DOC (blue line, left hand scale) and mass loss (green line, right hand scale) of 
Norwegian spruce litter with decomposition time. Data plotted from Don and Kalbitz (2005), error bars at 
one standard error. 
Soong et al. (2015) expanded on this conceptual model using Fourier transform infra-red 
spectroscopy (FT-IR) to show that whether DOC from litter increased or decreased with 
decomposition was dependent on starting chemistry, specifically the ratio of lignin to cellulose in the 
plant. They also showed that as decomposition increased the DOC produced changed from soluble 
plant components to partially decomposed lignin and cellulose before an increase in microbial 
products at higher states of decomposition.  
After the first collection the Sphagnum samples had lost only 0.1% of their mass whereas the other 
samples had lost between approximately 5-18% of their mass, below the threshold of 20% identified 
by Don and Kalbitz (2005) for increased DOC production. This may suggest that at this collection the 
vascular plants were in the second phase of decomposition, exhibiting a rapidly decreasing level of 
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DOC per g litter whereas the Sphagnum samples were still in the initial, high phase of DOC production. 
Fitting the litterbag results to the conceptual model of Don and Kalbitz (2005) would explain why the 
results reported in Chapters 5 and 7 indicated a low DOC production for Sphagnum compared to the 
vascular plants, whereas a higher DOC production was observed here (7.74 mg g-1 in section 9.3.1 of 
this chapter versus 2.47 mg g-1 in the drought simulation in Chapter 7). 
At the second collection Sphagnum had still lost only 1.2% of its mass whereas the vascular plants had 
all lost over 20% of their mass with Calluna losing 33.6%. The increase in extractable DOC between 
the first and second collections for the vascular plants (Figure 20) seems to confirm the suggestion 
that extractable DOC increases once decomposition is greater than 20% (Don and Kalbitz, 2005). 
Increased DOC was also observed for Sphagnum, despite the samples not having passed the 20% of 
decomposition threshold. Soong et al., (2015) differentiated the production of DOC and CO2 from 
decomposing litters based on the starting chemistry of the litter and suggested that samples with a 
low lignocellulosic index showed increasing DOC production with time.  
Comparison with a lignocellulosic index is difficult for Sphagnum as lignin is not present in bryophytes 
(Wilson et al., 1989) and sphagnan, a uronic acid-based cell-wall polysaccharide, is present instead of 
cellulose (Hájek et al., 2010). Litter chemistry was analysed in Chapter 5 using NMR techniques. These 
results showed that Sphagnum had the lowest ratio of polyphenol signal (lignin/sphagnum acid) to O-
alkyl (polysaccharide), suggesting it may be more likely to fall into the low lignocellulosic index type of 
litter described by Soong et al. (2015) which exhibits increasing DOC with decomposition time.  
An alternative explanation could be that DOC from pore-water has adsorbed onto the Sphagnum 
surface and is released during the DOC extraction. Work by Don and Kalbitz (2005) has shown that 
performing multiple extractions on litter retrieved from litterbags does not change the chemical 
composition of the DOC so this may be less likely. 
Differences between DOC quality parameters for the different DOC sources were not as pronounced 
as in previous chapters, however this again may be explained by the samples being in different stages 
of litter decomposition and therefore not easily compared to each other (Soong et al., 2015). The 
results do show an increase in aromaticity and peak C/T with time which agrees with previous results 
(Chapter 5 showed higher peak C and better removal by coagulation from more degraded samples) 
and reports in the literature (Don and Kalbitz, 2005). An increase of both aromaticity and peak C/T 
with time could suggest that fresh litter may be responsible for DOC which is more difficult to treat 
whereas litter from previous years, which is more decayed, produces DOC with properties more 
amenable to conventional treatment (Bond et al., 2011a). 
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Very large differences were observed between the mass losses of the samples over the decomposition 
period. This has implications both for carbon sequestration in peatlands as well as the total amount 
of DOC produced from the litter layer. The very small mass loss of Sphagnum suggests that although 
low DOC production has been observed in Chapter 5 and 7 on a mg per g basis, a large carbon pool 
can build up over many years, potentially meaning high overall flux on a gC m-2 year-1 basis. The 
vascular plants, in contrast, showed high DOC production on a mg per g basis in Chapters 5 and 7 yet 
also showed very rapid mass loss in the field, suggesting the overall litter carbon pool in a vascular 
plant dominated system will comprise just a few years’ worth of litter production that will be renewed 
every year. This could have important implications for DOC flux from catchments where grassland 
species are encroaching on Sphagnum peatlands (Berendse, 1994; Chambers et al., 2007b; McCorry 
and Renou, 2003) as higher seasonal fluxes may be observed from vascular plant biomass as low C:N 
material is added in autumn. As this material is mineralised rapidly the size of the carbon pool is likely 
to reduce, possibly decreasing DOC flux overall compared to Sphagnum peatlands. 
9.4.2 Calluna litter production and the role of flowers 
The lower C:N ratio for Calluna flowers shown in Table 32 may explain the high amount of mass loss 
observed in the litterbag experiments as a large proportion of the samples were flowers. Calluna 
flowers fall from the plant and are added to the litter layer throughout the year, however this 
process is at its greatest between November and March when around 3-5x as many flowers can drop 
from the plant compared to the summer months (Cormack and Gimingham, 1964). This would 
suggest that Calluna, through the seasonal shedding of flower capsules, can add labile material to 
the litter layer which is capable of producing large amounts of DOC. This seasonal addition of labile 
material may contribute to the ‘autumn flush’ of DOC from peatlands described elsewhere in the 
literature (Sharp et al., 2006b; Worrall and Burt, 2005). This process, whereby DOC concentrations 
peak in autumn, has been attributed to heightened microbial activity in the summer followed by 
heavier rains in autumn flushing the summer ‘store’ of DOC (Scott et al., 1998). These results would 
suggest that the addition of new, labile litter material in autumn could also be partially responsible 
for the increased DOC observed during this period. The DOC produced from Calluna flowers is of a 
more aromatic and less protein-like character and so, from the findings in the previous chapters (e.g. 
Chapters 4 and 8), is likely to be more persistent in surface waters and also more readily removed by 
coagulation/flocculation. 
9.5 Summary of principal findings 
Litterbags installed across an altitudinal gradient have been used to show that although an increase in 
altitude of decomposition can cause slight changes to resulting DOC quality, litter starting chemistry 
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is the main controlling factor of DOC production and litter decomposition at the ~1.4 oC range of 
temperature observed across the gradient. This adds further evidence that small variations in 
temperature and rainfall caused by climate change may be less important for DOC production than 
shifts in vegetation dominance caused by changes in climate, nitrogen deposition and land 
management. Higher DOC production from Sphagnum compared to other plants observed in this 
study may be explained by differing rates of decomposition meaning the samples are in different 
phases of decomposition at the time of analysis. The low mass loss of Sphagnum compared to vascular 
plants suggests that Sphagnum dominated areas may form a very large litter carbon pool which cycles 
carbon slowly, whereas encroaching vascular plants create a carbon pool which cycles rapidly but 
which may be smaller in size as a result. This has important implications for drinking water treatment 
as encroaching vascular plants may create higher seasonal DOC concentrations in surface waters 
compared to Sphagnum due to the seasonal addition of labile material such as Calluna flowers and 
Molinia and Juncus litter.  
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Chapter 10: Discussion  
This thesis set out to ascertain the relative importance of different peatland sources of DOC, their 
sensitivity to climate change and therefore the role catchment management may play in mitigating 
the effects of climate change on water treatability. The combined findings of the six experimental 
chapters will be discussed here, along with a consideration of areas not considered and the potential 
for future work. 
10.1 Biotic versus abiotic controls on DOC release 
Climate change projections in the UK suggest an alteration of temperature and precipitation 
patterns with generally warmer, drier summers and warmer, wetter winters (Jenkins et al., 2009b). 
One of the most direct effects of increased temperatures is the alteration of physical and chemical 
equilibria, given that most reaction kinetics occurring in soils and surface waters are governed by the 
Arrhenius equation (Davidson and Janssens, 2006). As well as the stimulation of chemical and 
physical phenomena, temperature can also increase biological activity in soils, resulting in higher 
DOC production (Freeman et al., 2001a). 
In Chapter 6 the temperature sensitivity of the physical process of DOC solubility was explored by 
performing extractions of vegetation and peat soil at different temperatures to calculate Q10, the 
sensitivity of the process to increased temperature. A Q10 value of two suggests a doubling in rate of 
the process for every 10 oC rise in temperature. For the samples studied, these values ranged from 
no sensitivity for Sphagnum to between 1.5 and 3.0 for the other DOC sources. This would mean 
that a 5 oC increase in summer maximum temperatures could increase DOC solubility by between 
25-50%, aside from any biological stimulation. This suggests a dramatic increase in DOC export from 
the litter layer and peat soil, however this has not been observed in trends at the catchment scale. 
Evans et al. (2006), considering temperature increases since the 1960s, suggested that temperature 
had made only a small contribution to the increases observed in DOC in the acid water monitoring 
network (10-20% of the overall trend), meaning that other processes may be counteracting the 
expected rise in DOC associated with temperature. It should be noted, however, that seasonal 
variation in DOC quantity and quality linked to temperature has been observed at the catchment 
scale (Goslan et al., 2002; Gough et al., 2013). 
The discrepancy between the large increases in DOC observed in Chapter 6 and the much smaller 
effects noted by Evans et al. (2006) might be explained by comparing the results to those of Chapter 
5. Whilst it could be expected that the increased temperature condition used in the climate 
simulation in Chapter 5 might result in higher DOC production, due to increases in biological 
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(Freeman et al., 2001a) and physical processes (Chapter 6), this was not observed. Instead, a 
decrease in DOC was found in the higher temperature treatment. This could be explained by 
temperature also increasing microbial activity that favours mineralisation of DOC to CO2, both within 
the soil/litter samples and in the leachate as it was collected. This would mean that the Q10 value of 
microbial mineralisation is greater than the combined effect of temperature stimulation of DOC 
production and physical solubility. 
Evidence for this hypothesis of microbial mineralisation being greater than temperature stimulation 
of DOC production and solubility is provided by the results of Chapter 8, where the biodegradable 
fraction of DOC (BDOC) was found for the vegetation and peat soil sources. These results showed 
mineralisation rates ranging from approximately 30 to 85% for the vegetation sources in a one week 
incubation. The leachate samples in Chapter 5 were collected throughout a two-month simulation 
and so significant mineralisation can be expected to have occurred during this time. The decrease in 
DOC in the higher temperature treatment in Chapter 5 was smallest in the peat samples, which is 
again supported by the BDOC data in Chapter 5 which found a mineralisation of only 8.3 ±1.6 % over 
the one-week period. 
In Chapter 5 correlations were found between C:N values of the litter samples and both the CO2 flux 
during the experiment and the amount of DOC produced. The C:N value can be used as a measure of 
nutrient availability to the decomposer community (Bragazza et al., 2007) and therefore the 
correlations with CO2 and DOC production add further support to the hypothesis that controls on the 
biological processes are more important than abiotic controls or physical processes. Similar results 
were also found in Chapter 7, the drought simulation, where a correlation was found between the 
C:N value of the vegetation starting material and the DOC produced on rewetting following drought. 
Results similar to those of Chapter 5 and 7, where temperature had little effect on DOC, were 
reported in field studies by Tipping et al., (1999) who employed both experimental warming and a 
natural temperature gradient across an altitudinal range and found no effect on DOC measured with 
soil lysimeters. They hypothesised that this could be due to either higher temperatures favouring 
mineralisation of DOC to CO2 or warming and drying creating conditions unfavourable for the 
microbial community. Again, it should be noted that seasonal effects of temperature have been 
noted at the catchment scale (Goslan et al., 2002; Gough et al., 2013) as well as components of 
models suggesting factors controlling DOC concentrations at the catchment scale (Monteith et al., 
2015).  
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Taken together the findings from Chapters 5 and 6 suggest temperature stimulation of microbial 
processes is a more important factor than abiotic processes, most likely because of the high 
potential for mineralisation of DOC from litter leachate, as demonstrated in Chapter 8. 
10.2 Primary versus secondary effects of climate change on DOC  
As well as the primary effects of altered temperature and rainfall patterns (Jenkins et al., 2009b), 
climate change and other factors such as nitrogen deposition and land management may have 
secondary effects which alter dominant vegetation types in peatlands (Bragazza et al., 2015; Fenner 
et al., 2007; Weltzin et al., 2003). This may be particularly important as a number of radiocarbon 
studies have highlighted the young age of DOC in surface waters, suggesting the litter layer as a 
probable major source (Hulatt et al., 2014; Palmer et al., 2010). 
In Chapters 5 and 7, climate simulations were undertaken using an ANOVA design which considered 
climatic variables (temperature, rainfall, severity of drought) as well as the source of DOC. In the 
statistical consideration of these experiments the ω2 value, a test statistic which suggests the 
variance explained by the factor (Keselman, 1975), was used to compare the climatic variables with 
the source of DOC. For both the climate simulations in Chapters 5 and 7 as well as the field study in 
Chapter 9, the ω2 value suggested stronger effects on DOC quantity and quality from the source of 
DOC rather than the climatic conditions.  
This may be explained by the hypothesis discussed in section 10.1 of this chapter that the primary 
control on DOC production from litter and soils is nutrient availability to the microbial community, 
and therefore the vegetation and soil chemistry is the controlling factor. This is further 
demonstrated by correlations between DOC production and C:N values in Chapters 5 and 7 and 
similar findings noted elsewhere (Soong et al., 2014). 
Although direct effects of temperature and rainfall on DOC quality were reported in Chapter 5, 
differences in DBP formation were not present after treatment via coagulation/flocculation jar 
testing. Plant-scale studies have shown that drinking water treatment can decrease the differences 
between DOC from dissimilar source catchments, since the same types of compounds which are 
recalcitrant to treatment remain (Fabris et al., 2008). Although the findings of Chapter 5 broadly 
agree with Fabris et al. (2008) in terms of removing climatic effects on DOC quality, the results of 
Chapter 4, where coagulation/flocculation was optimised to different sources of DOC, suggest that 
there are still large differences between post-treatment DOC when considering different 
vegetation/soil sources. In Chapter 4 the specific chloroform formation potential after 
coagulation/flocculation jar testing ranged from 50.1 µg mg-1 for Molinia DOC to 165.0 µg mg-1 for 
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Calluna, meaning that coagulation is incapable of adapting fully to shifts in water quality brought 
about by vegetative changes.  
Comparing the findings of these two Chapters provides further evidence for the importance of the 
indirect effects of climate change on changing species composition over the direct effects of climate 
change in terms of water and temperature regulation of biogeochemical processes. The 
experimental work in this thesis has focussed on DOC sources from the litter layer in peatlands. The 
effect of climate change on hydrological patterns such that different DOC sources become more 
important at the catchment scale (Laudon et al., 2011) or residence times within the catchment alter 
(Kothawala et al., 2014) was beyond the scope of this study.  
10.3 Extremes versus normal conditions 
The experiments in Chapter 5 considered average monthly values of temperature and rainfall for 
both the control condition and the UKCP09 projection of future climatic values. One of the 
projections of future climate conditions in the UK is for more frequent and more severe extreme 
weather events such as drought (Jenkins et al., 2009b). This has implications for peatland 
catchments as peat formation and stability is predicated on high water tables creating anoxic 
conditions that enable organic matter to accumulate. The removal of this control on biogeochemical 
activity increases peat aeration and decomposition, setting off a cascade of reactions including the 
‘enzymatic latch’ which can lead to enhanced peat decomposition and DOC production (Freeman et 
al., 2001b). 
To further explore the impact of increased droughts on DOC production in the litter layer a climate 
simulation was undertaken in Chapter 7. The drought condition did not affect the amount of DOC 
produced by the vegetation sources, however it did increase in the peat soil, producing 
approximately 40% more DOC when under mild or moderate drought. This experiment was repeated 
with DOC extracted and analysed from fresh peat samples which came from anoxic conditions. The 
samples were then exposed to oxygen over a five week period to test the effect of oxygenation on 
DOC release. This found an approximate 40% increase in DOC as well as a decrease in SUVA and 
humification of the DOC, indicating a decrease in treatability. This suggests that exposure to oxygen 
increases DOC production, possibly through the enzymatic latch, and also changes the nature of the 
DOC produced. This explains why very good DOC removal by coagulation was found for peat samples 
in Chapter 4 which used fresh peat samples from anoxic conditions, whereas poorer removal was 
found in Chapters 5 and 7 where the peat sample had undergone decomposition whilst exposed to 
oxygen. During very severe droughts, however, extractable DOC was found to decrease, potentially 
due to water limitation of microbial and enzymatic activity (Chapter 7). 
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In Chapter 5, where ‘normal’ monthly averages were used rather than extreme conditions, very few 
effects were observed for temperature or rainfall influencing DOC production from peat. An 
interactive effect was noted in Chapter 5 between rainfall and source for the amount of DOC 
produced. When further explored using multiple one-way ANOVA with a Holm-Šidák correction, this 
showed that the vegetation sources (Calluna and Sphagnum) had significant effects whereas peat 
did not (p=0.060). Similar results were also found for the temperature and source interaction for the 
SUVA value of the DOC as again peat showed no significant effect (p=0.185) whereas Sphagnum did. 
This would suggest that changes in temperature and rainfall are more important for litter 
decomposition than for peat. 
Comparing the results of Chapter 5, which found little or no effect of climatic variables on peat DOC 
production, with those of Chapter 7, suggests that extreme conditions such as drought can change 
the relative importance of the various drivers of DOC production. This has been highlighted 
elsewhere in the literature where drought has been shown to have immediate effects on DOC 
quantity and quality through solubility controls (Clark et al., 2006, 2005, 2012) as well as long term 
effects due to altered biogeochemistry controlled by the enzymatic latch (Evans et al., 2005; Scott et 
al., 1998; Watts et al., 2001; Worrall and Burt, 2004). This would suggest that extreme conditions 
can have a greater effect on carbon cycling in peatlands than small changes to the mean 
temperature and rainfall. 
10.4.0 Relating laboratory findings to the field- seasonality and the size of the carbon 
pool 
Significantly higher DOC production per unit mass was found for vascular plants, particularly the 
grassland species, over Sphagnum and peat, as described in Chapters 5 and 7, and the DOC from 
vascular plants was also found to be less susceptible to bacterial degradation, as reported in Chapter 
8. This suggests that the DOC concentration should be lower in Sphagnum dominated peatlands 
versus areas with Molinia coverage, however, this is a simplified picture.  
Field studies measuring pore-water DOC have shown that areas of Sphagnum have higher DOC 
concentrations than areas of Molinia (Armstrong et al., 2012). These findings can perhaps be 
explained by the results of mass loss in Chapter 9, which described the litterbag study. The study in 
Chapter 9 showed that after ten months of decomposition Sphagnum had lost just over 1% of its 
mass whereas the vascular plants had lost over 20%. Re-analysing the findings of Chapter 7 in light of 
this suggests that although the vascular plants have a high DOC production on a per g basis, the size 
of the total carbon pool in the litter layer may be much smaller as only a few years’ worth of litter is 
likely to be present due to its rapid decay. This may explain the results of Armstrong et al. (2012), as 
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although DOC production by Sphagnum is low per g, there may be hundreds of years’ worth of 
biomass production in the litter carbon pool, giving a higher DOC concentration than Molinia overall. 
10.4.1 Literature values for litter production 
To better understand the role of different vegetation types in the timing and amount of addition of 
biomass to the litter layer, a short review of annual biomass production of peatland vegetation types 
was conducted. 
Molinia is a perennial grass which begins its growing period in April or May and grows rapidly 
throughout the summer before senescence starts in September and total leaf death and abscission 
in November; this leaves only the basal internodes and roots to begin the next year’s growth (Taylor 
et al., 2001). As sheep rarely choose to graze on Molinia (Taylor et al., 2001), losses to grazing should 
be minimal and the assumption that litter production is equal to above-ground biomass production 
has been used elsewhere (Aerts and Heil, 1993). 
Estimates of Molinia aboveground biomass production vary with a figure of 500 g m-2 suggested by 
Loach, (1968) for a site in Berkshire, UK, whilst heathland areas in the Netherlands were 980 g m-2 for 
wet sites and 670 g m-2 for dry sites. Perhaps the most applicable values are those of Milne et al. 
(2002) who measured biomass production of different upland vegetation types across England and 
Wales and found Molinia production in the SW of England to be 633 ±40 and 536 ±28 g m-2, 
respectively, for each of their two years of monitoring. As Milne et al.’s sites are geographically and 
climatically closest to those used in this thesis (two are in Exmoor National Park and the other is in 
Dartmoor National Park) the average of their two measurements (585 g m-2) is an appropriate 
estimate. 
The growth cycle of Juncus is similar to that of Molinia in that it produces stems from a central node 
which senesce and die back later in the year. Pearsall and Gorham (1965) measured yearly biomass 
growth rates in Clougha, UK in the Forrest of Bowland of approximately 800 g m-2, although less 
nutrient-limited sites can have production rates of up to 1,592 g m-2 (Boyd, 1971). 
Litter from Calluna consists of a mixture of woody stems, long and short shoots and flowers 
(Cormack and Gimingham, 1964) and although litter is produced throughout the year it is highest in 
winter and spring, peaking in October after flowering in August-September (Chapman and Hibble, 
1975). Using a yearly biomass production for Calluna is not a valid estimate of litter production, as 
Calluna is evergreen and has adapted to the poor nutrient availability of the uplands by producing 
low levels of litter and allocating resources to woody stems and roots which have a long lifespan 
(Aerts, 1995). Measurements of litter production of Calluna stands in Scotland suggest an annual 
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production of between 6 and 72 g m-2 depending on age, with the mature stands producing the most 
(Cormack and Gimingham, 1964). These estimates are much lower than those of Chapman and 
Hibble (1975) who suggested a range from 40 g m-2 for five year-old plants up to 261 g m-2 for mature 
stands of 25 years. As Chapman and Hibble’s sites were in south Dorset and therefore close to those 
used in previous chapters, an average from all of their data on Calluna stands ranging over a period 
of 5-40 years (219 g m-2) is an appropriate estimate. 
Sphagnum does not produce litter in the same way as other species in this study. New growth forms 
on top of the previous year’s which dies and becomes part of a continuum of decay starting from 
below the photosynthetically active surface layer (~5cm) and slowly becoming incorporated into the 
peat (H. Rydin et al., 2006). Although it is difficult to define litter for Sphagnum it is possible to 
assume that growth of new material will displace an equal amount of plant into the non-
photosythentically active layer and thus begin the process of decay. It is therefore assumed that 
yearly biomass production for Sphagnum is equal to the amount of material added to the degrading 
layer. Gunnarsson, (2005) developed a model of Sphagnum production in relation to mean annual 
temperature and rainfall using a global dataset of Sphagnum sites and species. Using this model for 
the Exmoor sites suggests an annual production of approximately 100 g m-2, which is within the 
range of values measured on blanket bog at the Moor House National Nature Reserve (Forrest and 
Smith, 1975). 
10.4.2 Size and seasonality of litter inputs to the carbon pool 
The literature values of litter production suggest very large inputs from Juncus and Molinia with 
smaller inputs from Calluna and Sphagnum. Taken in the light of the results from Chapters 5, 7 and 8 
this suggests that the grassland species can potentially add a comparatively large amount of low C:N 
(approximately <40), labile material which produces a lot of DOC which also has high persistence in 
surface waters. The results of the litterbag study in Chapter 9 suggest, however, that as this litter is 
very labile, only a few years of biomass may form the litter carbon pool, leading to lower DOC 
concentrations in pore-waters (e.g. Armstrong et al., 2012). 
There are also implications for the timing of litter production and therefore DOC flux as Sphagnum 
and Calluna both produce litter all year round (although Calluna peaks in October) whereas Molinia 
and Juncus produce all of their litter in late autumn. This suggests that a shift from Sphagnum to 
Molinia or Juncus dominated areas could lead to large increases in the seasonality of DOC fluxes 
from the litter layer which could be important for riverine DOC loads, particularly if this occurs in 
riparian zones (Ledesma et al., 2015). Chapter 9 also highlighted the role of Calluna flowers in 
providing a seasonal source of labile, lower C:N material which may add to the ‘autumn flush’ of high 
160 
 
DOC concentrations in surface waters. This concept of increased seasonality and altered sizes and 
cycling of litter carbon pools is summarised in Figure 24. 
 
Figure 24: Conceptual diagram showing changes to size, speed of cycling and seasonality of litter carbon pool 
on transition from Sphagnum to Molina domination of uplands 
This conceptual diagram offers new insight into the potential changes in the seasonality of litter 
additions and therefore carbon cycling in peatlands under climate and land management change. 
The effect that a shift to more seasonal export of DOC could have on peatland organic matter 
decomposition is currently unknown and remains an area for future research. Recent work has 
shown that labile DOC can efficiently form soil organic matter, particularly when stabilised in mineral 
soils (Cotrufo et al., 2015), however further work is needed to study this effect in peatlands where 
no mineral soils are present. The role of below-ground biomass and the potential priming effect of 
root exudates has also not been considered in this study and remains an area for future research. 
This could have a significant role in changing peatland biogeochemistry as, for example, Molinia 
produces ten times the annual root biomass of Calluna (Aerts and Heil, 1993) and root exudation can 
destabilise peat organic matter by adding labile carbon which ‘primes’ the decomposition of peat 
(Fenner et al. 2007; Gogo et al. 2010). Vegetation type and warming have also been shown to affect 
the microbial community diversity in peatlands (Bragazza et al., 2015; Delarue et al., 2015) and this 
presents an area for future research on how microbial populations may affect carbon sequestration 
and DOC flux. 
A further area for future research is the inclusion of vegetation in catchment models of DOC flux and 
risk to drinking water treatment, which are of growing interest to water utility companies (e.g. 
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Grayson et al., 2012). Parry et al., (2015) used remote sensing to classify vegetation and then 
incorporated these data with a digital elevation model in a GIS to attempt to identify the dominant 
factors controlling DOC flux at the catchment scale. Parry et al. (2015) found slope to be the 
dominant factor, as it controls peat depth and water residence time, with only minor effects noted 
for dominant plant functional type in the catchment. The remote sensing technique used (colour and 
infrared), however, was not able to detect Sphagnum as it mainly occurred as understory vegetation 
in the catchments studied. The results of all of the chapters in this thesis have shown that the 
greatest differences between vegetation sources have been between Sphagnum and the vascular 
plants studied, therefore suggesting that a greater effect may have been observed by Parry et al. 
(2015) had they been able to distinguish between Sphagnum and Calluna/Molinia. The integration of 
Sphagnum cover into similar models may be an effective way of considering litter carbon pools and 
their effect on DOC flux and seasonality at the catchment scale. 
10.5 Is catchment management an effective water quality management tool? 
The water industry must continue to meet regulatory requirements for potable water whilst surface 
water DOC concentrations have increased in recent years. As well as ‘end of pipe’ engineering 
solutions (see literature review section 2.3.3) there is potential for catchment management to play a 
role in providing sustainable water quality if these schemes are shown to be cost effective. Current 
catchment management schemes have used ditch blocking as a method of raising water tables in 
peatland areas to provide conditions favorable for peat formation (Grand-Clement et al., 2013). 
Preliminary results have suggested this has caused a decrease in overall DOC load downstream 
(Grand-Clement et al., 2014a) and an increase in vegetation species adapted to wetter conditions 
(Smith et al., 2014). If the efficacy of these schemes can be proven then there is potential for a 
‘payments for ecosystem services’ (PES) model whereby land managers could be paid for activities 
like ditch blocking to provide carbon sequestration and improved raw water quality (Bonn et al., 
2014). 
Throughout the experimental chapters it has been shown that Sphagnum and peat produce low 
amounts of DOC on a gram per gram basis (Chapters 5 and 7) and the DOC they produce is amenable 
to conventional water treatment by coagulation/flocculation (Chapter 4). Vascular plants, such as 
Molinia and Juncus, have been shown to produce more DOC (Chapter 7) which is harder to treat 
(Chapter 4) and which has greater persistence in surface waters (Chapter 8). The vascular species 
considered in this thesis also produce litter seasonally, adding labile material to the litter layer in 
autumn when it may contribute to the ‘autumn flush’ of DOC (Chapter 9 and this chapter).  
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Although there is considerable evidence in support of the change to wetter species post-ditch 
blocking reported by Smith et al., (2014), there are downsides to Sphagnum dominance. In Chapter 9 
it was shown that the recalcitrance of Sphagnum litter may lead to a larger litter carbon pool than 
vascular species, potentially meaning higher but more stable DOC fluxes year-round. In Chapter 5 a 
high chlorine demand was observed for Sphagnum DOC and in Chapter 4 the specific chloroform 
formation potential post-coagulation was higher in Sphagnum than Molinia or Juncus. This high 
potential to react with chlorine was balanced, however, by better removal than the DOC from the 
vascular species at the coagulation/flocculation treatment step. 
Promoting high water tables through ditch blocking may also decrease the likelihood of peat 
becoming oxygenated during periods of drought. Oxygenation of peat has been shown in this thesis 
to increase DOC flux from peat and decrease its amenability to treatment (Chapter 7). An increase in 
release of DOC from peat may be a problem for treatment works downstream as this source of DOC 
had the highest persistence in the BDOC tests (Chapter 8). This suggests that extreme events, such 
as drought, could be problematic for drinking water treatment in peatland catchments, particularly 
as work elsewhere has shown the effects of drought can last for many years (Watts et al., 2001).  
Taken together, the results from this research suggest that promoting high water tables to decrease 
the likelihood of oxygenation will potentially increase resilience to the negative effects of drought on 
peat DOC export. Higher water tables will also facilitate Sphagnum cover which is likely to give less 
seasonal variability in DOC flux, but which may still be high due to the size of the litter carbon pool. 
Assessing the economics of catchment management schemes for providing improved raw water 
quality is difficult, however, as this is likely to be only one part of a PES model which considers 
carbon sequestration in peatlands, biodiversity, agriculture, historical interest and amenity value 
(Bonn et al., 2014; Grand-Clement et al., 2013). A next step towards creating such a scheme would 
be integrating the findings of this thesis on peat DOC flux and treatability under drought into models 
of DOC risk to water treatment works (e.g. Grayson et al., 2012) which should incorporate 
probabilistic projections of climate change (Harris et al., 2012). The importance of vegetation type 
for litter layer DOC flux has also been shown and highlights the need to include Sphagnum in models 
considering the role of vegetation in DOC flux at the catchment scale (e.g. Parry et al., 2015). 
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Chapter 11: Conclusions 
 
This thesis has demonstrated the importance of considering shifts in vegetation in the effects 
climate change may have on carbon cycling and drinking water provision in peatland catchments. 
Both biotic and abiotic mechanisms of DOC production, mineralisation and change in quality have 
been highlighted with a need to consider all of these factors together to understand how changing 
climate may effect DOC flux. The research has led to a new conceptual understanding of how 
changing vegetation types may alter seasonal carbon cycles in peatlands (Figure 24) which creates 
an urgent need to integrate these findings into catchment models of carbon cycling and water 
quality risk.  
 The conclusions of this research can be related to the original research questions, as summarised 
below.  
Research question 1 (RSQ1): What is the sensitivity to changing climatic conditions (drought, 
temperature and altered rainfall) on DOC production (amount and treatability) from peat and 
peatland litter layers in terms of drinking water treatment? 
 Biotic controls are more important than abiotic controls on DOC release. This was shown by 
comparing stimulation of microbial mineralisation versus greater solubility due to increased 
temperature. Although higher temperature increases DOC release from peat soils and litters, 
the increase in mineralisation more than makes up for this. 
 Temperature and rainfall influence DOC quantity and quality, however the effect size of 
these climatic variables was much smaller than for the litter/soil source of DOC.  
 For peat soils very little change was observed when small changes in temperature or rainfall 
occurred. Exposure to oxygen brought about by drought, however, caused dramatic 
increases in DOC flux and a decrease in the treatability of the DOC. Extreme events therefore 
appear to be more important for peat soils than litter. 
 In field experiments the differences in litter composition caused by temperature and depth 
to water table were minimal, suggesting litter chemistry and factors such as nutrient 
concentrations or the microbial community are more important. 
Research question 2 (RSQ2): What are the implications of different vegetation types providing the 
DOC source in the litter? Consequently, will climate or management induced vegetative change (e.g. 
shifts to grassland species) alter DOC production and are programmes to support Sphagnum spp. 
justified for water treatment purposes? 
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 DOC from the vascular plant species Molinia, Calluna and Juncus have been shown to be less 
amenable to drinking water treatment and have a higher persistence with respect to 
microbial mineralisation. These species have high litter production rates compared to 
Sphagnum and produce their litter seasonally. The low C:N values (approximately <40) of 
their litter means they decompose rapidly and produce large amounts of DOC which may 
contribute to autumn peaks of DOC in surface waters. The rapid rate at which the vascular 
plants decompose in the field means that the litter carbon pool may be smaller overall and 
thus lead to lower DOC flux in seasons when litter is not produced. 
 Sphagnum has been shown to produce DOC which is amenable to conventional treatment 
via coagulation/flocculation and which is mineralised readily through microbial activity. 
Downsides to supporting Sphagnum dominance are a high reactivity towards chlorine and 
formation of chloroform as well as a build-up of the litter carbon pool due to its 
recalcitrance, leading to higher but more stable DOC fluxes. 
Research question 3 (RSQ3): Is the source of DOC more important in controlling the quantity and 
quality of carbon flux than the climatic conditions of its production? 
 The most important control on DOC from the peatland litter layer is the starting chemistry of 
the litter itself, which can be assessed using the C:N ratio. This has been shown in both 
laboratory simulations and field decomposition experiments. 
 For peat soils the enzymatic latch means that drought conditions can cause significant 
increases in DOC production and the resulting DOC is also more difficult to treat. For peat 
soils, the redox conditions, which provide a strong control on enzymatic activity, may 
therefore be more important than smaller differences in both peat chemistry and 
temperature controls. 
Research question 4 (RSQ4): Are current standard treatment options (e.g. coagulation/flocculation) 
capable of coping with climate induced shifts in DOC quality? 
 Differences in DOC quantity due to temperature and rainfall were not detected following 
treatment by coagulation/flocculation whereas differences between litter types were large 
for both removal by coagulation/flocculation and the formation of the disinfection by-
products included in this research. Changes in dominant DOC sources may be more 
important for DOC flux from the litter layer in peatland catchments. 
 Peat soils produce DOC which is readily removed by coagulation/flocculation. Drought 
conditions, however, significantly decreased this treatability, suggesting standard treatment 
options may not be able to cope with more extreme events. 
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 Fluorescence spectroscopy has been highlighted as a tool for predicting treatment 
performance with the ratio of humic-like to protein-like fluorescence providing an indicator 
of removal by coagulation/flocculation. 
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